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SUMMARY

L.('a[ h,.at tr.n,_f_r, equilibrium h41q)eraiurc._,',
amt wall ._fatie /.'e,_,,'urc,_"har_. b¢._._ m¢.a,,'u#e¢{ on a

c_rru/(tc e!///nder at yaw aogle._' _!fO°, 10 °, 20 °, /t0 o,

am/ flO °. The /g_yn,/d._' J_um.b_.r raJ_fl_, ,!t" the te._t._

u,a,_' fl',,m 1 X lO'; t,, ._X 10_' ba,_'_d o, ('ff/indcc
diameter.

[l_('c_a,_'hql If., !/a_ am lh_f,'.m t) ° t. .10° h.'r_a,_._d

the ,_faglatl/(m-//n( heat-lra/i,_fer coeffic;_,,,d,s' by lO0

t. 1SO p_,rceJd. .l.further i_wrea,_'e i_t !law (tllgl_ _ to
110° eau,_'cd a .lO-per('eM decrea,_'e '_t ,_tagmt/io_-li_e

hrat-h'an,_f_.r ('u_:fi('/ent._.

.It zero !law am.lle lh__ bwundac!l lager or_,r It..

eMir_J)'old half _f t[._ c!/li_M_.r wa,_, lam, i_mr bat at

yaw m_gle,_ q/._0 ° amf (;0 ° it wa,s. eride_th/ c'Tmpletely
/'urbul_.M, i_whtdit_g the, ,_,tagnathm line, a,_ deter-

m iliad b!l ('ompar;,_o_ qf local h,c'at-h'a n,_fcr co£ffi(!/ent,_
with, theta'elical pc_diclion,_,. The /ere/ .f heati_g

rate,_ a_td the mtt'ur_ qf the chordwi,_,e di,_'h'/hut/,m

q[ h_at tran,_f_r indicated that a fl.w m_.ch,a_i,_'m

(liffccetd from the c(mm_tdional h'an,_'ilbmal tmumbtr?l

layer may hare exi,_led at lhe iMemnediale yaw angle,_

u/ 10 ° aml 20 °. At all !/a'w aT_g/e,_, the peak h,eat-
h'a_._f,u' co(fi('ie_t occurred at /he ,_'tag_alio_ line

am/ th__ chordwiu_ di,_tribati.n qf heat-tra_,_hr

co(fficieM deccea._'rd monoton_call!t.from th, i,_ p_.ak.

The arera[l_ _ heat-tran,_fer eoeflic;ents orer the

frond ha// of the c!tlhMer are i_ agr_emeM with
pr_,e;oa,_, data for a comparable lge!lmddu _umber

t'al_ge.

The theorel;cal heat-hu_,_fer d;,_tribut/.n,_ .fur
b.th lao_hmr aml tarbule_t boumlar!t la!/_r,_' are

eah'u/at_d dir_¢ctly fr.m uimple quadrature, f.r_nu/a,_"

derh,ed i_ the pre,_ent report.

SUl,ersedes dechtssified NASA ._,[elnorandunl 2-27-59I, ]')y Ivan E. |;hx'kwilh

INTRODUCTION

Design studios of hYlTers(>tiie lifl in_z v(,hi('h,s h.ve

g(,m,rally indi('ale(1 t}mt ai,rodym_d(. ].,.t ituz may

])e reduced t)y llsitlg ]|ig}lly sWeI)l ('onflguralions

with blunted h,a(ling edges. For hu,timtr I)()un(lary

h_y(,rs the elre('t (>f sweep angle A on tin, heal

i ransl'pr at the h,_t(ling edge is usually taken as ros
Ans shown hv the data ()f Feller (rer. 1) who

measured t,he average }mat, i,]'_,hsfer on lhe front,

halr (Tf a swept ('ylin(ler. More r(,('ent dala O'('fs.

2 and 3) }ntv(, in(li,'atod that the eft'('('! of sw(,op

nmy t)e ]nor(, nearly r()sS/_A w].i('h, :tl . sweep

angle of 75 °, would result in _ 50-t)(,rr(,nt r(,_lu('ti(m
Of t]l(' }IP;I[, |rltli,qfol' t)r(,di('t(,d 1)y the ('.s A varia-

tion. The data and |iilPory or referen('e 4 also
it.li('at(' a ('os:v_A wn'ialion hul ih(, theories of

ref(,r(,n('es 5 and (i indi('at(, a variatio, so_n,w|n,l'(,

})elw(,en cos A and ('os:_/:"A for large stream 31"t('h
numlwrs.

The (hint of rof(,r(,n('e 7, in eonll'a_t io lhe in-

"vestig.'ttions just ('iled, showed large inero_s(,s in

average }mat transfer riO _1 rir('uhn' leadin_z ('(l_ze

with in('r(,._sing A Ul) to a A of about 40 °. Th(,se

in('reases in heat trnnst'(,r were t)rol)al)ly ('aus(,d

173"t,ransi/ion to l urbulem flow whi(,h _q)l)_n'ently

resulled primarily from the inh(,rem inst_l)ilily
of the tJm,e-dintensiomd t_oundnry-layer flow on

a yawed ('ylin(h,r. The h'ading-(,d_z(_ Reynolds

numl)(q's of r(,ferene(, 7 were (,onsideral>ly lar_(,r
than t,]_(, v_tlues in refer(,nees 1 to 4 aml vc(,ro also

larger than tyl)i('al values for full-s('ah, h'a_[ing

edges of hyp(,rsoni(' ve]fi('h,s; ].,n('e, the _mtin
al)pliea|ion (71' the high Reynolds number l(,sls

will probably |)e to bodies at angle of atta(_'k.

;t/Ill ,[fillIPS J. (]-tl]lll_]ler, 1959.
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In t'(,f(,r(,n('(, S it was shown (hat, (,yen for bo(H(,s of l

nm(h,t'a(e llm, n(,ss rat it) a( angles of attack t)f about A|
20 ° or nt<)r(,, lhe heat transfer in a turl)uh,n(, l_,

l)oundary layer is nearly the same as that for a

(ttt'l)uh, nt l)oundary layer on t, ('onq)ara|)le yawed _\_.v

cylit,hq' oi' large asp(,('t ratio. Th(' h, ntinnr th(,ory

()f t'(,fcrt,n<'e 9 pr(,dicts e,,+sen(ialiy the san,(, res,tl(];

thal is, the heat l ransl't,t' (,n a sh,n(h,r <'one at ',n ]J

angle oi' attack of about 15 ° is a|r(,ady the same as Q

lh)t( <m a ('orrt,spondh,g iniinil(, ('ylindt,r at 75 °

,YgC¢+,' O1' gWO(']).

The Ira,sent

nn ntt(,mpt 1o
|he results of

] I,(+ltS tll'(,l Iltq,l. S

('ylinder. Th(,
Ma('h num|)(,r

lllllll[)(q' I'1,11_('

invt,stigatiol, was tmdt,rtak(,n i),

und(,rstatul l)(,ttet' and to exl)lain

rt, ference 7 l)y means of h)('al
t)l' heat transfer 1o a ('ir('uhtr II
tests wt,r(, ('on(lucled t,1, a sh'(,am

oi' 4.15 and a sh'(,ant Reynohls

of IX|0 + to 4XI06 l)as(,(l on ].

('ylin(h,r dinmctt, r. Th(, (,xpcrimcnhd results art, T

('otnparcd with tht,ot'ies for local heat transfer T

in l)oth laminar' and tm'l)uh,nt boundary layers t)n t=T_ _

yawed infitfit(, ('ylin(lers. Th(, lamitmr lht,()l'y If
is based on the similar solutions of r(+ft,r(,nc(, I0 for

arbitrary l)r(,ssurt, gra(lien(. Tim (urbuh,nt th(,t)ry
mak(,s use <)f' the integral momentum and (,n(,rgy

'_I,R

(,(lUaliotls, simplified l)y means of St(,wnrtson's I"
transf<wmati<m (ref. It), log(,th(,r with suiial)h,

a,,+sutnpth)n: fc)r v(,h)('ity and th(,rmal I)r()fih's, +,

sMn fri('tion, and Rcynol<Is analogy+ X

SYMBOLS

a o

(,

('p

D

If

(;

1I

h

F,

('onstant ('o(,fli('i(,nt iu skit>fri('tion

law (st,t, ('(I. (3)) Z
stagm,tion s])(,(,(l of st)un(l

constattt in ,,qua(ion (BI0)
z

specific hi, at at (.ons(ant i)rt,ssur(,

cylin(h,r (liatn(,t(,r
int(,gral (]fickncss l)aramctcr, a

LII) [ Yl .

int(,gral t])i('ktt(,ss l)aramt't('r,
3,

( 7,4u_+c.., Astagnation enthall)), '. -- o 6

%.
h(,ttt-t ral|Sft.l' t.o(,(Ii(.ient ......"I,,,.-- 7 .: +*

T.--T.,
]wat-t ransfer para]ilt, ter, T.,r-- T,,, 0'w

lh(,rma| ('on(lu('tivity +

n,f(,r(,n(.(_ length
Math number

reciprocal of (,xpon(ml it, sMn-fi'iction

law (s(,(' e(t. (3))
Prandtl numb(,r (0.7 us(,d in all (,al-

culations excel)t as llOl(,(]'}, t]v_

i)ressu r(_'

r(,sultant vclo(,ity in transformed

('oor<linat(, syst(,m, _ l _ + l +_

local h(,at-lransf(,r rate l)(,r unit are++
]mat transfer it, trat,sform(,(l ('oor<li-

nat(+ syst(,m <h,fitwd by (,qualion
(AS)

R(,ynolds IlllIII})("F l)as(,d on (liam(,t(w,

p)t_I)

#

r(,('overy factor

tell J t)( ` Flit II 1'(_

(.hordwise v(,locity in transformed

coordinate sys(<,m (st,(, eq. (A4))

('hordwis(' v(d<)<4ty

r(,sultant vclo(,ity

spanwis(, v(,h)('i(y in transformed

('oovdinat(' syst('m (see eq. (A4))

spanwis(, v(,lo('ity
chordwise coot<limit(' (transformed

system; see eq. (A4))
(,hor(lwise (,oor<litmt(_ (normal to

<.ylin(h+r axis; [)]Lvsi('n] l)()untlury-

lay(,,' syst(,m)
(+oor(linate normal to surfa('(, (trans-

forln(,(l SVSt(,I|| St'(' ('(I- (A4))

(.oor(litmt(, normal 1<) surface (1)hysi-

('al l)outl(lary-lay(,r syst('m)

angle l)etw(,t'n lo('al str(,amlitm and

<.ylitl(lcr axis

i)rt,ssur(, gra(li(m( l)aram(!t('r (see eq.

(Bt t))
ratio of Sl)('('ili(" heats (1.4() ust,(t in all

('ah'ulat ions)

(h(,rmal botm(h,ry-iayer (hM,:n(,ss

v(,h)('ity botm(htry-]av(,r thi,+],:ness in
t ransform(,(i coordhult(, svst(qn

int(,gral thi('km, ss l)at'anwt(,r,

j(i +x (l --((/-'l) dX

similarity varial)h,
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Subscripts :

L

N

0

P
I'

R

7"

t

H_

X

Y

CO

angular dislam,e around cylinder

from stagnation lira, in a plane

Normal (o cylinder axis
II- II.,

ent|lalpy profih, plu'mueler, iI_--ILI,

integral t hi('k)wss parameter,

',YI-l'_(l' V-l,tz.j,, Lt', t',.__l

in(egral thickness l)aramtqer,

,_ [r.,, t'i (]-°)uz

integral (hi('kneus l)aram(q(w,

._ (l--O)dZ
)

yaw a ngl(, (_'oml)hqnenl of aeule

angle I)(,twe(m fre(,-stream flow

dit'e('lion aml eylimler axis)

vis('osily ('.(4[h'i(,n t
('o(qti('ient of kim,mali(' vis('osi(y, _/p

(h, nsity
shear at wall

siwar in transform(,(I <'oordimtt(, sys-

lem (hqinwd by equation (A5)

tI.Vl'l'llg(_

zero heat Ivansfer a( wall ov(w (,nih'(,_

_iil'fa(,i _

local equilibrium wall conditions

(vanishing local heal Irmtsfer)
lamimw

(!Olll])Olleltl, IIorlllal 1o %lin(hw axis
fr(_('-streaI|l sltiffiial i()ll conditions

external surface of ].,at-meter plug

refer('nee t)oint within boundary

layer
resultan t,

vahw at, stagnation line (when used

on 't gas l)rOl)ert,y such as p, T,

etc., denotes that t]w prop(wty is

evaltmi(,d outsi(lc lit(, boundary

layer' at stagmttion line)
turlmhqat

s(agmlti(m conditions downstream of
normal sho('],:

wall (,ondi(ions

(q.)t'(Iwis(,

Sl)anwis(,

ft'(,(,-stream ('on(litions ahead of bow

sho(dc.

local conditio)is jllst ou(._i(h' l)ou)i(l-

ary bly(,r

A prime (h,llO((,s diff(,rentialion wilh r(,sl)(,(q (o n.

APPARATUS

TUNNEL

The tests w(,r(, cotldu(qe(l in oile ()f (h(, I)low-

down (unn(,ls of th(, Gas l)ymlniics lh'mi('h a( the

]miigh,y ]_esellr('h ('_(')Ii(T. The luniwl is II co)i-
veniioiial two-(llin(,iisi()nlil nozzle with il test se(',-

lion 12 inc]l(,s wide tln(I 13 hwll(,s high. The
nominal Math nmnl)er in the (est s(,(qi(m is

4.15_0.03. Th(, stlignlition l(qlll)('ralure for (]iese

(('SLS i'tiilff(!(I l)etw,.'('n 150 ° F lilt(] :100 ° F. FIII'I[I('I'

(h, iails of lllllli(,i op(,rlili()n illi(i fh)w ('alil)ralion

liinv it(, t'Otllii] hi r(,l'(,r(,iic(,_ 7 tiii(t 12.

MOIiELS AND INSTRUMENT'VI'I()N

Two dift'(,l'(,n( nlo(h,ls w(,r(, us(,(l in this investi-

gillioli. Th(' iii()(l(,ls W(,l'(, (!h'cillar (.vlin(h,rs inii(|o

I'roni slliilih,ss sl(,(,l lili(I v¢(,l'(_ lh(, sliill(, ili all re-

:'4[)(!('t,":, ('X('('i)l f()r tile tYl)e o1' s((,(,l used ail(] iho

(lini(,n._ioini| details of the h(,lit-._(,nsiiiv(, (,h,ni(,nis

or lit,lit niei(,rs, \x}ii('h w(,i'(, shnilar i() lli()s(, (|(;-

s('ril)(,([ ili i'e[(,reli('(, 17. A sk(,l('h _h(twhi 7 lhe

i()('itlion of ill(, }will ]ii(,l(,l's ((](,sig'ntil(,(I tls stltlions

1, 2, tin(1 :I) lilt(t int'hl(ihl K I)('rliui'nl (]ilnl,nsitins

al)l)lying h) l)oih ]uo(l(,ls is [)l'(',":,('liI("(l in ligllr(, I (it).
For till lhe conliKurlltions tested, end phites siini-

htr to that ilhisirli(('(I for th(, (wlin(h,r a(41) ° yaw

in llgtlr(, l(il) w(,I'(, used Oil tit(' JilO(]t'l.':,. Th(, dis-

ttin('t,s tim( (lie (,n(I 1)ltlt('s exl(,n(le(] :lh(,ll(] ()f lhc

nio(h,ls for all vliw iingh's arc Kivi,n in the [[Kure.

TIw wi(llii ()1' the ('lid I)llil('s was ]i('hl ('OliSllilll. f()l"

tilt yaw linffl('.%

The first nlo(l(,l wlis constru(q(,(l of tyl)(, 31)4
stainless st(,(,l, lln(l wii|(,l' was us(q] as tile ('()olant.
This nio(h,] hli(] to I)(, (lis('Itr(h,(l after s(,V(Tii[ te_.ts

Itl 40 ° y'lw angle had I)e(')i ('onil)h'l('(I 1)(,cause of
erratic (lliilt ot)lliin(,([ t1,4il r(,su]l of lh(, corr(isiv(;

li(q[oli of lh(, wal(,r Oil liie (,h,(qrh'lil ](,ads llli(] ]it,IlL

lii(q('l'S. Sut)s(,qu(,nlly, ll s(,von(l lno(l(,l Wil_ COlt-

stl'll(!le([ hi wii[(']l till inipr()v('(l ]l('Hl-Jll(q(q" (h,sign

vi-Ils list,(]. Tit(, cooltili(, list,(| in lhis nio(h,l was

Vilrsol (liy(iro('lirt)oli solv(,iil, t)oiling l)oinl 150°F

to 200 ° F), wliic]l is t)oth noll(_orrosivt, tilid ]lOll('Oll-

(hl(qing lill(I IlIIi.V 1)(' cooh,(I to il ]ow(,r I('lii[)('l'llllll't'_

tlittll wiit(,r. Tile secoil(| lno(l('l WaS liS('(I for the

r(,lilliili(ler o1' (lie tests fit. yliw ilitgl(,s of ()o 10o 20 o,
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Fliw Tunnel wall

Section B-B .41 /

end plate B _ 2

". '_. ® .\4

t _ // ,," "Location of pressure
/i z

j orlftces O 030 inch
t I/ ....... ,n d,ameter

]-//1 Heat meter

/] j_ A,dec
/ ,/_ o OTS

,iv,_" _0 9_
"_/- ! 20 .95

,. _ i 40 97

:-oc;aqt I 60 219

Cutlet 1 (a)

l:l(;vvH,; 1. _(.h(,uia_ti(, di;J,g,r.tun of -it)l),:tr.:ti ,l,-.,. All

dJllll'llsi[)ll_ _1,1'o ill ilW}l('S.

Coolant
_nlet

nnd (10°. Tho hoot Jm, tors used in tht_ st,(:otHl

]no(h,I will h. dos('rit)(,d in strait, (h, iail.

.\ sot'lit)z1.1 sl.:ot(,h or lho hoal, nil,lot is shown

ill tigln'o l(h). Tht, l)rin('il)h_ of Ol)t, rntion or the
hoot lll_,l_,l' is d('s('Hhod in (h,lnil in rot'oren('c 12.

l_riolly, lh(, two intovt'a('(,s at tht, sluinh,ss-sl(,(,l

nnd _'orlslnr_tnn joini._ aro lho hal, nnd _'ohl jun(_-
lions or a lllor_t)('()ul)h, _'ir(,Hil. The {hl'l'lllOt'J('it-

lri(', oull)ut is thon l)rOl)ortion_d h) the (luanlily

r First mode 0.005 to 0010 from thin to thick part
Flange

lhickness/Second_ model = 0.001 to 0005 constant oil the
I way around

Constanlan

t ' Air space,

.s75_ _,_ "I

---I -.035

.045

Guard ring-_

Insulating cement (b)

(b) t':nl_Lrgt,(1 ('r'(_,_s-:_e(!tiotial sk(>tch t)f ]loi_.t utit't_'r Hse([ tit

FIt; r ill.: [. (h)llt ilHiO(l.

of h('at lit)wing through tho ('ollsl_lll;Ll_ (li_;l': wlmn

sloady loznl)(,z'nlm'es nz'o nllain(ql. _k gunrd riil_Z,
ns shown in figuro l (1)), was usod io rdu.o hoal-

v(tz_du(:lion errors. Tyl)(, 41(i slainh,ss st(q,l wa_

_ns(,(l l'or th(,_ s_,('(>nd lnod(,l nnd h(,at-]iH,lor parts
l)('t'auso tho lh(,r]nnl (_onduolivit'c of this sl(,t,l is

al)l)r'oxintltlel3" (,qua] to thai or (.onstanl:[zi wilh
th(, rosult that lh(, Jnotors and mo,h.l wall,ro,ior(_

n(,.Hy }_o]nog(,noous. (:!ar(,l'u] ]ll(,listll'o]ll(,Hls ',vt,rt,

Jlia_h' or (,a(dl or iht, (_Oinl)ont,nls so lhut art(q, tho
qnils w(,ro sohh,t'od logothor lh(, lhit,l,:lH,ss of lh(_

tl.ngos :l]l(l (_ol)l)('r-('()nslazHa_l joinls would b[,
I,:]l()_vn. For tht,s(, hoql lnt,l(,rs lh(, tolnl l]fi('l,:noss

()r tht, joizHs is less lhan f).00t)5 i.(.h. In r(,fl,r(m('(,
12 it is shown lhat the ('(HTo('ti()n f()r heal _'on(lH('-

tioli in th(' tlnng(,s d('l)('ll(ls .rilit'nlly on lho ttnng(,

lhivkn(,ss, which, t'or lhos. motors, w_ls It.it01 it)
().()0;{ inch. 'l'ho hoot int,l(,rs lzs(,(t in lh(, first )nod(,l

w(,r(, similar lo those j_zst dt,st'ril)o,l ('xt'('l)t l'or the
lhtng(, lhi('l,:Noss, whi_di was ul)oul 0.00_ int'h, and

lht, lh(,rinnl (_t)ndu(qivily of lho g04 stninh,ss ._1(,('1

(nl)l)Z'()xizn.toly lhr'('('-l'(turlhs of th(, 'v_ihlo for
('()llSltllllllll).

Although (,xh'(,m(, ('art, w.s (_s(,(I iN tht, ('ot_slru('-

It(HI of lho heat zn(,l(,rs it wns found that the volt-

_l_Zt'OUtlHlls ()l' nil t]lr('(' ilI('I.('I'S V,,:l'l't' Illtl lh(' saint,

under Mnlihn' h0ating('ondilions. A ('alilw;dor, a

..k(.i('h ,.d' whi('h is ,.hown in tigur(, 1{('), wn_ iht,n

zlio(l(,. It ('t)nsisi(,(I of n ('Ol)l)(,r-('()Hstnt_tnH }H,at

111('101' with two g'lllt]'(I l'illE'S llllll witlt o11(, (,lilt ('()ll-

i oHro(l to fit Iho ln()dol. The sot'on(I ring' of the
('nlihrnlor was .lso a }l(,_ll nlot(,r so lhal lht, he,it

flux lhr'.lugh it ('ouhl 1)o Jneasurt,(I. TI., outsi_h,

of tho ('aliln'ator was insulated. ('Ol)l)(,r was ust,(I
{() iilS(ll'(' I1 [l|lirol'Jll l.('lll])(q'll{lll'l' (lisll'il)HlioII ill

lh(, mdl. '1'1_o Ul)l)('r (,rid or i]l(, ('alil)rnlor wns

honlo(1 ol(,('lrit'nlly. A (I.()005-in('h 1)lnslio film
Wlis IlS('(l 1)otw('oli lit(' t'illihrlllof ;ili(I lit,' mo,h,l

itli]'ing' ('illil)l'nlion lo ili._uilil(, il i,h,(_l]'i('nllv I'l'Olil

Ih_, ]iiod(,l+ Tht, ('lllil)rlll,)r 'e,'iis ('l,ll/i,]',,d ti\'t,l'

Ii h(,lil ill(,l(,r llii(I li ('oil,-;lillil ('oohiiil fh)w ]'illo

IhroHtzh lho liiodol "0,':l_ oslnbli_ht,d. Afior sit,lilly

I('liil)('i'lillll't'_ W(,l'(, oblliiliod, ihl, hl,lil thix lhl'ough

iho ('lilihl'lilor ('oiihl he (':l]('ullilt, d ri'onl Iho w/ll-

;llz(, o1111Hil lliid lht' kiiOWil ('olidliulivil v lili(I lhivk-

il(,,_ t)f iho ('Olislllllllili ili ltl(' ('lililll'lllor _ili('e

lilt' (li_lllit,ll,r of tit(, ('('I11t'1' [),')rli(lll ()l' lh(, ('illil)i'iliof

wil_ l]lo Slilill, li._ iho tl(,ill-Illl,lt,l' (liliili(,l(,i' ((/.1'2.5

Jilt'lit lillll sill('(, lli(_ Ill,Ill tlllX lhl'ough iIH' s(,(.()illl

i'ilil£ or ilio olilit)l.lilof wits ill ill] (.I1_(,_ llt)l)i.oxi-

liitilt,l,,-(qlulil io llio lit'ill IlliX lhi'oligh lh(' ('l'ltl('l',
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x denotes where copper
leads attached

.OlO-inch aw spaces

Copper

Const0ntQr,

Type 416 stainless steer

FI(J I[I{E ]. ( _()ll('lll(JOd.

it, was assume(| t,iml this htlt(,r wdu(, was tit(, cor-

r(,('t h(mt tl:)w into the ]tle/(,J'. (Not(, '(.hat, wJt(qi

tit(, calibrator is prop(,rly c(,,((,r(,(l ov(,r t,h(, heat,
melt,r, t}u,]'(, is no }mat fl_)w in(() tim outer surf;t('(,

(if the h(,at-nl(,l(,r Ihm!ze.) The ralio of this (ml-

yah(led h(,at-fh)w ]'nl.t, through tit(, ('(,nl(,r ()f [}Ie

('alihrator t:) th(, in(li('al(,d value front l}m h(,a(

Im'(('r in lit(. _)()(l('l was then used ,s a ('()vr(,vlh)n

l'a('tor (o apply It) all lest (lala. The f.('tt)rs for

Iht' h('at ntctt,rs in the st,(and nto(M w(,rt, 1.22,

0.95, and 1.()1 at ..<talions i, 2, anti 3, r(,sl)(,.lively.

(lwontt, l-alumt,l thermo('oul)h,s wen, us(.d (o

mt,;lstH'e th(, inside surt'a('(_ ((,ntt)(,ralur(,s. Tim
leads w(,r(, st)otw(,ld(,d st(h, hv st(h, at th(, it.4(It,
surface ()f lilt, h(,at, m(,l(,rs.

T])(, (,h,('lri('al ()utpul of the heal ])tt, to]'s was

amplified 1)v :t (lire('t-('urrenl atnplifi(,r and fed

in(o a s(.lf-b;fl.n('in_' l)ot(,nliotneli,r. The out,l)ul

of lht, thermo.oul)h's was fed (lir(,(qlv into a st,lf-

t,.hm('ing p()t(,nti()tnt, lt,r. A similar inslrum(,nl

W_tS tlS(,(J It) l'e('ord stl'(qtttt s(agn;tlion ((,ntl)(,j';_lllr(,.

Th(, s|__glmtioIl ])]'(,SS[ll'(, v)';l:.:, ]lttq|sHl'('([ with It

]?,mu'(h)n l)r(,ssut'( ....,..,,w',,,..,..Th(, l)r(,ssur(, (lislril)u-

lions on tin, ]no(It,Is wt,re lttO.tt£llFe(] Oil IlItW('III'V

]nanotneters wh(,n(,vt, r possit)h.. Gages w(.rt, used

for l)r(,.sttr(._ (,x('(,(.tliuK (;() 1)ountls p(,r square in(.h
rf_}l.....k..t", t o h)('alions of the l)ressur(, orifi('es are

sh()wn in figure 10t).

The )no(It,1 was rotated 1_0 ° (lurin_ tit(, t(,sls

I).," mr,arts ()f' an aelu. lor and I)ulh'ys st) lira| ;t
('o]nl)h, te ,'hor(Iwis(, survey of th(, h(,.( lransl'(,r

and prt,ssttr(, (li_tril)ution aroun(l the ('ylin(l(,r

couhl it(, math, (luring a singl(, (est. Tht, surv(,vs

or (lislril)utiotls v<t,r(, thus ol)htin(.d in pl,)t(,s

normal (o the ('ylimh,r axis. Th(, ((,ntl)(,ralur(, of

the ('ool_i))( wus adjusted l)v l)Uml)ing i( thr()u_zh

(,ith(,r a (,ooh,r (alcohol :t)t(l (lry-i('(, heat (,xcl.(ngt,r)

Ol' _t ]l(ql|('l' (SI(';IIil [l('tl(eX('h_tll_'(q') OF ;lllV ('Olll-

It(tuition of (,.(,h. rl'h(, t(,ml)(,ra(ur(, of (It(, Varsol
could 1)(, varied from --5() ° F to 150 ° F .ml tlt(,

wal(,r ((,mpt,ratur(, frorn 60 ° F (o 200 ° F.

TEST METHODS AND DATA REDUCTION

The tests w(,r(, (:on(ht('(e(l in the following nl;(n-

n(,r. Tho tunnel and I)il)ing svstt,nt w('rt, first

l)r(,ht,at(,d to th(, (h,sir(,(l stagnation (t,nq)eratur(,.
Th(' )no(l(,l was l)olishe(l ; (hen tim (('ml)('ratur(' of

lht' ('oolan( was atljust('(l antl st('a(ly airflow was
(,staf)lish('(I.

*'I"WO S('t'i(', '4 of I'tLIIS Y'Vtq't' [tl;|(J(' |It (';|('h V;I\V angle.

Th(, firsr st,rit,s was mad(, at al)l)roximal('ly con-
shin( tunnel ('on(litions and (h(, hen( rates w(,rt,

chang(,(l I)v ('hanging the ]no(l(,l |(,ntl)(,r.tttre

(varying th(, coolant, (eml)(,ratur(,). Tit(, results

front a (ypi('al set of runs _tt thr(,(, ('oolan( lent-

l)(,ralt.u'(,s are shov;n in figur(, '2 wh(,r(, a h(.:ttin+-
q ,,D

rat(, paralm,lor t'_oTN is 1)]otlt'[I against a wall

"1;, 7'_,. ..'ks pointed out
(('ml)t'ral ur(' l)aramet('r To

.5 xlO -5

8", deg

.4 0 90 Coolant
[] 60 temperature, °F
O 50
,_ 15 o 153 ._

•5 _. 0 q 9 4 ///

qw o r'-, 105 _ 60 /_

k_ To_%2 _ 120 /_r¢.a-"'/_,..z
. o 150

0 180

.I

0 /y-

_,10 _ __j __ • _.± L _ _____ J.04 .08 .12 .16 .20 .24 .28 .52

ro-rp
ro

FIGI'lgF] 2. Vttl'it_|i()ll ()f Jl('il,t-tr,'M)sf('r I ){LF/|III('IOF With

wall-lompuralur_' ])_ll','Lllle1('I" at st:_timt '2 f(>t" ty])icnl

runs. A_:(iO°: T,=25() ° F; 1¢_o=1.4,_10".
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in referen,'e 12. the slol)e of these lim.s is pro-

t)oa'tiomd to the iieat-trlmsi'er coeflicient und the

I'OCOVOI'V IPII|I)OI'ItIIII'(' IlllIV [)O o]:ltained ]'roll| tile

intercept on the ab:cissn. _ufticient runs of this

type were tubule :o lli_it the vltriliiion of T,/T,,

with l{eynohls nutltl)(,r wlls ol)tained. "['hon the
se('ond series of runs was lnade to obhiin the

vnrilltion of hl)7,++, wit}l Revtiohls number. Tilts

wns ,lone I,v v_lrying the stat_Znation l)ressur,,

which r,_ng,,,] from 230 to 500 pounds p,,r S(Oi_r,,
inch (rll. froi.-, i.-,- •

+tit dltlll 1)re:onted in the report hlive I)oen

COl't'(,vlod I)% ilSili 7 liie ('lilil)l'lllioii VOli_llilitS

pl'eviollsl 3" (lis(qlSSed. A flltllge-t!OlidtlUtiOll cot'-

reclion, which is dl,_cribell in deiail in lho lil)pendix

of rl,l'ei'eliCO 12, hll_ iil:o I)eeli ilpplied to till dllhi.

This ('()rrt,ction wlis llikeli to t)(, li uoii_ttllil ([).7)

['or nil ilu, liletel'<_ lind is believed to lie ('orrovl

1o within ± 1() perul,nl liCeOl'dilig ttl vlllcullllions

iiltil]o hv Iho Illel]lO(] of ret'l'rtql('t' 12, which tt_('_

lileiiSlll'Od hvul i'Ittes litid ,'lliCll|lil(,d plug telill)Ol'li-

Ilirl.,s. The l)hit_ leliiporlillil'o Tp i_ the out_ide

:/ll'flivo leliii)orllllll't, cahqihilpd frolii liie iiielt:lil'ed

in:i(le slirl'llve lOliiporiillli'O lllid tile li_iiliiI)liOli

of one-dinien._iolilil lu,lit flow thi'ongh lhe l)liig.

]{ll(liillion ]lll_ l)een ln,Tlecle, l since for llli cases

ttie rlldiliiion is very snilill ('oniplired wilh lhe

aei'(tdvlilinli(_ holt[, trllli_l'or.

RESULTS AND DISCUSSION

PRESS lille l)lt'iTRi iilUTi O NS

|Ji'e+suro-<ii+il'it)ulion dltln iil'O pr('+ented t>eciittse

lhev tire I'ti<luii't,d in tin' llieOl'elien] hetll-lrllnsfer

uiil<qihtlioiis tin(] iil+o 1o provide l+ uonipiiri_on with

Siliiilar dtitii rroni oilier invesligitlions (l'or ex-

itniph,_ l'efs. 13 nnd 14) wiiero te+l condilions nll(I

niodel end support+ or contigUl'iitioli+ ill'l, l._eneriillv

dili't,reni. Tim l)resenl dllltl ill'i, plotted hi tigin'e 3

it: ttio rillio of ].li/p., iiTiiill+l 0* for A 0 °, 21) °,

-Ill °, itti(I ill) c>. Al+o siiown in fiTuro 3 iil'O ('lll",,'t,_

I.I r-

• i.o[

i i

i

.6i .8

I i i.o
! i
/

.41 .6 .8 LO

i l i
0 2i 4t 6ii

I

0'- +2' .4

.0_ .21

0 20

_, 0 5.1

v 44.7 3.4

o 0 2.9

4.08 1
2.90 } Ref 7

/

1.98J

Foiring of present dolo
Modified Newtonlon theory
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0
o

'\l_ \ '17
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O
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V V v
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Oit, deg

FI(;VRE 3.-- Pressure distril)uti,in_ on circular cylin(h'r.
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('a|(,uh/tl'd [roln niodified Newton,,in lheory wtlich

i)i'odilqs the pros_lli'e _listrit)ulion

]) ,_)s"=(1 ,,,>_-'0,+S,_ (1)
P= \ --p= p.,

whore p_/p,_ depends only on lho nornlill Milch
mmlber component. The experimental vnlues of

lJl:/p.,, howovlq', Ill't! so(ql io I)o i,ssi,niiltlly inde-

l)end(qit, of tlw liorlulil _lilch nilnll)(,r or .yaw

anglo nlld wouhl all filll lipl)l'oxinilll(qy (lli OliO

('lii'v¢ in ligl'(_(,lilelit, wilh ttl(, dlllll or r(q'er(qic(, 13

_l_ _tlown in l'OfOl'lq/(q, 4.

The pressur(_ dllhi iron, rel'lq'enco 7 havo ti(,Oll

convori.od 1o ]h...'Pi s niid nr(, I)h)ii(,d in figill'(' 3.

At (,Ollll)iirlt|)l(, yaw liiigl(,s lllld llOrliilll Maeti

lilllllh(q's the dnhl ill'(_ in good ilgl'P(!lliPIll. ('X('t!I)I.

lit A--t'i0 ° nn(I .1[v¢o--2.07. Tin,s, oVl,ll lhougtl

the norliliil Xlll('h lllllii|)ors ai'o 'lhoul. lhe _illli(;

{').07 in lhe prl,senl dltlli ilil(l 1..0<_ hi rel'. 7) i.]le

i)i'(,sstll'os oil file yawed cy|in(h,r in ltil_ i)i'eslqll

hivesliglition tll'(_ ]oss ltnln those Oil the lliiViiWOd

cvlindor of r(q'erell(_(_ 7' tip Io ill)otll 0*=10() °.

Ttie lrend il|)l)Pltrs 1o be lhe Slllil(! ,is lhat showli

in tho data of referen(,o 4 wiiere ltle ])rl_<_Slll'O_

ili(q'l,ltso ,is ,he iioriiili| _la('h llHliitier (leCl'ens(,s.

This condition in(lit'ales itilil Ill tim |lli'ger VilW

_liig|os tile pl'oS,_ur(, di._lriliiilion on il ynvced

c.ylin(ler ie not. soh,] 3" It [llll(:liOll of |hf. nOl'lllll.|

X tilth nunli)er.

SlilUlWiSe (parallel to cylinder nxis) Vlll'iiti.ions

in prl!ssuro were sniiliI ilnil Itl)l)llreni]y were

cllused l)y viiriaiions in lunne] flow whic]l ill'i,

shown hi lhe l.unne| cnlil_l'lilion (Iiilll of reforenco 7.

Tile (drool of Reynolds iillliit)er Oil lhe ])i'OSSllre

ilisl.ril)uiion is illso Sill,ill (_x(!oi)| Oll the, I)ilek of

tho (:ylinller in l tie slq)lirll| od lqow region whol'() lhe

prosstll'O ralio (|ecroilses wilh in(!relising R<:.

HEAT TRANSFER AND RI';CI)VERY TEMPERATURES

Comparison of data and theory at stagnation
line. -The values ()f ttw Nusselt Ill,hiller frolll.

stlllion 7 lit lhe slllgnllliOli line of lin, cylinder

l/i'O plot,1od agailisl sll'l_ilili t{eynohis iillllitil,r in

figur(, 4 [or A 0 °, 10°_ 20°, _1l)°, and (i() °. The

lines showii ill file tiguro ill'O lln, (;orrl,sl)Olllliilg

lheorelicill values clll('ulilled rot hiniinlir lind

lurl)ulolif0 l)oundliry lliyei's.

Tho e(lUltlion used lo (,ill(qllille tile villlies

shown in figure 4 for Ileal lriinsfer ill il lurlmient,

|)Ollll(hll')" lilyer at lhc slllgllill{iOll line I)l' the

I0 t xlO 3 A=40 <, w_-

o IO
o

Theory

I /" Turbulent
.... Laminar (ref I0)

_.9i z _ 4 _ _ v e 9×,o_
%

I;'IO1;IIE 4.--Xussell nunlli(.r lit, the Mii.gnlllioil line, spltn-

wise stilt,ill, 2. Tiiile([ syint)ols indicale dala frl)lli

first niod('l.

(Lvlinder is wrillen

h<D X,.ri..,(,,e,,7;; A,;:+"

4(1 Uo _(I) dul'_"],,+i ('2")- ('os -

whore a li.lid # iii'l_ (.onslanis in itu, Bhl,_ius skin-

friction lilw

(..),,,poQl_=:_ \?,D. (3)

For lllo 1)rosent. (_llllmlillions lh(,st, villue_ wore

lllkPll ,Is o--0.0278 I111(] 1l--4. l_](lliiliion (2)

1)re(licts zero h<,i/t, irllnM'er lit, A 0 ° and a penk

hi sllign,llion-ihlt_ helll, irilnsfer nl. A _ 30 ° followed

I)v il (l(,(,i'oits(_ in heat l.i'iinsl'or of nlioul 40 l)(q'(R!lll

fl'Olll i--40 ° to 60 °. Tile ])redi(qed zero Ill'lit

ll'linM'or nt, lhe slllginilion line |or zero Vill_. iiligle

is llOf physi(,idly relllisli(_ since ])reSlllllill)lv il

|lllltillilr tlOlli/(]iirv llivor wouh[ nlwlivs exisl for

t.hl,se conllilions wil.h no l)Ossillle lnecliiliiisili

lii'l,Selll, io (_lillSO ii tlii'l)li|(int ])Otlildlirv ]iiyer.

The ('olnl)lele (lerivillion of equi/liOll (2) is giVeil

in apl)endix A. ]>>rh,fly, ltie inlogrill nionienluui

iln(I enel'ffy (,(llillli()ilS for lho lul'imlenl l_ouiidlirv

layer Oil it vltwi_d infinit(_ cylinder Ill'l, solvod by

using sinll)lifyinK ilsmnnplions for skin friclion,

vol(lcii.y lili[I Iiicrliiill 1)ro|ih's, slmondlil'.V flow,

it,ill l{evnol(ls ilnlilogy, l)rotilll)iy lho inost

616S02--62--2
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res/ri('tivt, assunll)iions ill this analysis are: (1)
The flal-phtt skin-friction htw in the form of

equation (3) applies at any t)oint (m the cylinder

as (h,terniinl,d by local llounlltu'y-htyer thi('km,ss
aml lorM r(,sullant flow iliri,('tion; (2)zero sl,coml-

ary ttow exists over Lhe (,nlire cylinder (l'orr(,ct

sit A_ll tirol tit stagnation line otfly for A><));

(3) and tit(, thtl-l(late lCeynol(Is atmlogy al)l)lil's
1)(,twel,n ill(, heat transfer and resultaitt shear.

The e(pmtion used to ('ah'uh(l,, lit(,ttworetictll

hmfinar hl,al-trtmsf(,r values shown i. figure 4 is

- .,V''V?' ?,( :,.,, i]7_0 _7:_ .... - -- (4.)z.+ " tM ,N L :,o,.:,+:j

which is derived in al)l)t,nllix B and applies (rely

for A_>_ 0.7 and .l[x._>l.5. Equation (4)
is Imsed on the exact solutions of referen('e 10

for lit(, laminar ('ompr(,ssil)h, boundary layer
on yawed infinite cylind(,rs. The l)rin('ilml as-
Sulnptions used in r(,fl,reu('e 10 are constant

st)ccitt(' heats, constant l'rt..tll .umber, and
tit(, I)erfl'('t gas law. The vttrialion (if heal-

transfer ('oeiti('ient wilh yaw angle as pri,ili(q(,(l

by eqlmtio. (14) ran bl, rhls/'iv apl)roxinmted t)y

(ros A) 1.1 f((r htrg(, stream Math nmnb(,rs. (See
al)l)enliix B.)

At a yaw angle of 0 ° tile data are its good agree-
t,tlmt with lamimlr ilwory ex('(,l)t lit tit(, lowest
lG,y.ohts numt)er wiwre tit(' data are about, S

lter('('ni high(,r than th/, lhl,oreti('tll vahws. At

a yaw angle of 10 ° the data are in agrl'('m(qll with
valu(,s ol)taine(I by lunfinar theory at th(, lowest

Reynldds nu,fl,er but, ns the l¢('ynohls numll(,r

is inrreasi'd, the data I)(,('ome mu('h higher than

vtlhws imlirati,d by landnar theory and lend to

tst)pl'oa('t( the line ,'alcu|aled 1)y turi)uh,nt theory.

The (lata al a ytr, v anglo of 20 ° al(i)ear to vary
its h'_ to a ('onsla.t power (sir(light-line variation)

aml are from about 75 to 130 t)er(,ent ifigiwr than
landnttr-tht,orv vaht(,s and hi)out 21) l)er(,(,ut h, ss

than ttirbuh,ni-tht,ory values. At. yaw augh, s

()f 40 ° and 60 ° the (lata are in good agr(,ent(,nt

with l)relli(qious from lurl)uh,nt theory.
A pt)ssibh, explatmliot( for the behavi(." of

tile data nt yaw angle: of 10 ° at(el 20 ° is as follows:

St(ice tit(, data lit 0 ° yaw are in tlgr(,emc,nt with
lamimtr-theory calculatiotls and the (lata at 40 °

and tiO° yaw are it( agreement with the turbulent-

th(,ory ('alculatit)ns, it may l)(,t(,ntatively assumed

that tile theories at'(, generally valid. Then, since

the data at 10 ° and 21)° yaw agree with neither

theory, the boundary layer at these yaw angles (anti
h' range of these tests) is iti some transit iomtl

phas(,. The tenllency of (hi's(' data to apl)roa(.h a

siraightlline variaiilm with I:_ (in lit(, loglh(g plot)

over surh a large rang(, of 1/_ a.d A indicat(,s lhat
so(he flow Nte(qmnism (lifferet(t front the ('oil-

vent iomd transit iomd type of flow may t)e I)resent.
This llifl'(,rent flow m(,chanislu i'ouhl 1)(, the

vorlitlal-tyl)(, ttow first ol)s(,rv(,(I by the British

on SWel)t wings (rl, f. 15) aml also rel)oried, for

(,xanq)h,, it( l'ef'eretl(,e 16. Attothl,r farlor lending
to indi(mle the oxist(,nl'(, of a /low me('i.tnis.i

(tit yaw ttngh,s of 10° att(l 20 °) difft,rt,nt froth the

ronventiomd lrailsitional or tm'l)uh,ut I)ouiMary
lay(,r is tlltll lit(, Ill'at Irtlnsf(,r at lhe stagmtlion
line was ahvavs lit(, maxiniunt vahw ml,asur(,(|

wtfih, tl., distrit)ution of ]l(ult lrtlnsf(,r tlroimd

the ('yliu(hq' de('reased ntonotonirally with in-
(weasing O* up to the separation line of lit(, chord-

wis(, flow. This condition is in contrast t,o ill(,
situation on a blunt bo(Iv of revolution where

conveutiomd transition t(( turlmh,nt flow is

gl,norally marked by +t sudd(,tt in(q'(,ttse hl lo(ml

heat transfer as shl)wn, for exanq)h,, iu rof(,renre
12.

Till, varilltion wit h yaw tit(gle of _ and (_:_),+

is sitown its flgtil'e .'5. The ]ieat-triilisl'(,r data tlt'+., ti

cross plot of fig(ire 4 sit valu(,s of ILo of 1.3><10 +,

2.()X 1() +;, ;(till 3.5>(1() _. Tho r('(,ovt, ry-lettil)(,rltture

(lttt ti lil'O ol)Itiiit('l] ['i'oitl plots siiltiltir lo tiff(ire 2 lit.

1,)_ _ 1.3 >( lit +i. Tlio large itit'rettsos its ill,tit trlitlSfl,r

willl ilici'ellsilig yliw tiitgle (i 1) to 41i ° lil'o ('h,iti'l.':

lil)piirenl ill figut't, D, |l liiay bo noted ttgaiii lhal Ill
yaw Silig|(,s of 1()° tili(I 20 ° tit(, hotit-lrtinsfer ro(,fti-

cioll Is il I'Obelow i urt)uleiil theory l(u Ili t yaw lillg]('s

of 40 ° iiti(I If0 ° good llgi'(!(!tit(,iit 1)olweeit dlll_l ali([

lh(,orv is ot)lltilted, The r(q'ovet'v it,it(piT((titres

([eCl'etise with iit(T(uisiltg VilW tiliTh' its 1)redhqod t)v

1)olh llitilitiar It(ill litrl)uhqil l]i(,i)rv tiv('Ol',lin_ io
lit(, e(lualioti

7++,7,+ (._)

wti('i'(' lhe r('('ovei'v [li(qor /' was tll],;.on tis -\_s,: 1:2

for lltlliiusir boulillary hly(,rs (s(,e i'efs. 6 nit(I l(i)

illid .%_t,r1i3 for tllrbtllont botlltdttrv ]ti V(TS. A1-

l[tOUg]i ill(+ r(,cOV(Ty-iettii)ortlturo rllt[os tit'(, h,ss

thlttt 1he theor(,ti(:ll| vtthtes, the varitttioti wilh A
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O 1.3xlO 6

[] 20
O 3.5

Theory

1.001" _ -- Turbulent

o o_._......_ _ Laminar (ref.lO)

L ! l _ . L ">. _

14 xlO 3

_0

0

kco 35Xl06

6

2 _

1.3

I I I ' I I i

0 I0 20 30 40 50 60 70 80

A, deg

FIGURE 5.--V,_ri_t.ion of r(,cOVel'y tutnp_q',qt llre ,tl+ll(l _N_tl:.;_(dt

numl)er with yaw angle A at the slagnation lino of the

cylindl'r from. station 2.

front A--20 ° to 60 ° ten(Is to parallel the theoretical
turl)uh,nt variation. Tlw eft'e(q of l+'= on the re-

covery temperaltu'(,s was gen(wally less lhan 1 per-
<'cut whi¢qt is considered to 1)e within the range of

experimental errors.
An indication of how well the ideal of an infinite

cylinder was realized fan be obtained from figure

h ,l)
6 where the spanwisc variations of kf arc shown

for A_0 °, 10 °, 20 ° , 40 °, and 60 ° at IL_ 1.3>(10';,

2_:+ l0 ++,anti 3.5L/,10+L The data are et'oss plots

h+D
obtained front ],f ploth'<l aguinst l_'+ for each

spanwise station. These slmnwisc stations w<,rc

located 2 inches lt])tlt't lllOllg a ffA"tlOt'a|itt_ elelneni
of tit(' <",rlind,.,t'as shown in Ill<, skel<'h of figure l(a).

Figure tl shows that tit<' Sl)anwis<' varintions are
within the t,xpevted experinlental error or 4-1t)

pere(,nt <,x<'<,pt at A 10 °and 1_'_-1.3XI0". The

reason for the in<+t'ease in Sl)anwise variations f<)r

these condition_, is probal)ly that lt'tlnsition ]tas

just been initiate(I ut upproxinutt(,ly th<,sc wtlues of
Auml 1_'+0as discussed in <'onnection with figure 4.

n s D

km

XlO 3

(o)

c-
_d-_ _

8 xlO 3

I A, deg

o 0
6 l- o I0

io2o
I n 40

4_ '_ 60

i

(b)
0

"-(3-

12

I0

8

6

,4

2

XlO 3

J

0 I 2 3 4

Spanwise slotion

(a) I,{_ 1.37 10%

(h) h'_ 2.0::X 10%

((') I_'_ ::-3.5 .11(V.

I:IOt'RE li. Sp_,Hwis(' ",'arit++litm of Nlv<solt m,nfl)t,r "_t

staglHtt iOll lit,t' uf ('ylin(h'r.

Hence, it, can lie cont:lu(h,l that, within tile ext)eri-

mental accuratLv , the heat-transfer data are repre-
sentative of conditions on an infinite cylintler.

The effect of interfere]lee front t h<' end l)httes on

the bow sho('k is shown in figure 7 in wllich two

schlieren photographs of the ('ylin<ler at +t yaw

angle of 60° nre l)rt,sente<l. The flow <lir<,ction in

th(,s(, I)hologral)hs is front left t<) right and llhtn-

form views of the cylinder and llow shock are

shown. In fi+:tlt'e 7(it) It portion Of tilt' ill)streanl

end plate is visible in tile UF.pt'r h, ft-hat.l (+orner (if
tilt, flg'llt'<". A disturllance whit'h Ul)l)ar<'ntly origi-

lltttOt":,ill Ill<' leading edge of tile en<l ])lnle is seen I<1
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inie.'se('t tho 1)ow sllo(,k, th)wev(,r, the eff(.('t of

lhis _lisltu'l)ance is negligible at the ('enter portion

or the cylinder since, as shown in tigure 7(I)). the

bow sho<.k is (,ss(,niiallv parallel to the cylinder in
lhis region.

Circumferential distribution of heat transfer and

recovery temperatures and comparison with
theory. Tht, ext)(,rimetlial values of Nusseh

hl)
uumb(,r Jt_ at sialio. '2 o. ihe model are plotted

against the circumferential angle 0* in tigure S for

A 0 °, 10 °, 20 °, 40 °, alld 60 ° ror several values
oI' 1_+. All data have been (_orre(qed for the ('ali-
1)ration constanl and heat loss 1)v ('on(hwtion

through the heal-nn(,t(,r tlang(, us discussed i)re-
viously.

Also shown in figur(,s S0t) Io S(e) are the theo-

DD
relical d isl ril)utions of .<(]. for corresponding values

of ll_ as COml)ute([ for lamim.' and lurl)uh, tli

I)otmdarv layers t)5 the appro×i.mi(, m(.tho(Is dis-

('ussed in at)t)endixt,s A and B. Both the lami,ar
DD

and !ttrl)uh,ttt values of _i/+ were ('ahmlat(,d from

the equation

DD D/)D
k _=-,_,oh, (")

wh(,r(, for lhe laminar t)ou.(lary laver (al)l)(,n(lix B)

'dl "i4 l "(11'2

,/x-x / ,o;,

_"_,iLV L_l

(71)

L-58"175o

(a) Flow m viriidty of (h! Flow in vicinityof

upstream end plate, sial!on 2.

I"I(;UliE 7. ,":,chliert'n i)hologral)hs of too(h,[ at 60 ° yaw.

Optical distortiou in s(,hli_,rcn system catls('s al)l)at.pttt

slight taper in model, l?==l.5>(10 _.

and for the !urlmh, ul 1)oundltry layer (llpli<,ndix A)

ri' 0 '\2,7 _ --In I

\lulv--\p_l I T I \,_I
,, i,-?,i,i

where the wall t(Uili)eralur(, i._ liSSliliiOd |O I)e (_oN-

h_l)
stliill. The values of-i'_, in equlitioli (67 were

ot)lltin(,d fro!i! (,qualions (2) or (47. :,tl.s showli

in the Ilppendixes, tho OlllV infornllilioli ne(,(ied io

eviihllile e(l/lltlioiis (77 ltliil (_I 7 is ltie l)r(,ssure dis-

lril)lltiOli arollnd the c.vlin(ler (eXl)prilil(,llllll pros-

stlre distributions were used in all clises ex('el)t,

lit A 10°), stretllii Nlll(']l iiunil)(,r llti(] stagnation

con(lilions, yltv¢ aiigle, lili(i wall leliil)erltlure.

Por lhe hlniinnr ('lise the rlltios 01:/(01< )j= l froni

I'(,fpl'(ql('e 10 for Ns,_ 1.0 are giveii in tltl)h, I.

The ('lll('llhllioii._ for all vli]li(,._ of A were nol

t'xtelided ])e.volid O* z 10l) ° sitict, tlow st, I)Itrution

prestiliilil)ly o('Clil'r(,(] lielir this viihle or 0* lis

indi(,tiled [)v ihe lll)proxiniitlely COliSlniit. vii|lie

of ])!'1is for 0"_1()() ° in th(, pl'eSSllr(, (htla of

figlii'e 3.

For ii yiiv¢ liligh, of 0 ° (fig. S(lt)), l]ie (]lttli lil'O

so(,ll lo |)(_ in good tigri,(qllell! will! litiiiiillir theory

over lhe !,iilii'e forwar(I se('tion of the rylinder.

Tile dllhl (plirti('uhirly for lhe iltrgest, Reynohls

lilllnt)er 7 l(,nd Io t)e sOlilewiilit, lligher tiilin tile

laliiinltr l tleoi'y for 0"_ 60 °. These t/iglier vll|ues

IllliV t)e (',uused I)y the lioni._olheriniil wall leniper-

litllres during lti(, iesis. Boil! !tic hiniinitr and

lurliulenl (_lllcu|lllions froin (,(tulllions (7) Ill!(| (80

_il'(, for iili i._otheriiiltl wall. Tile ('lli'V(!s for

turl)ulenl llieory Itl A=0 ° <_[iown ili figure _(li)

were (m|ruhtle(I dire('tly rroiii equal!oils (A1 1) !!lid

(AI2) llii(I lii'(' ili(_hld(!(I for eoliiplirlitiv(! [)urlios(,s.

The diihi itl il yliw llngh, of 10 ° (fig. <_(t)_)lll'O in

ligrl,elii(qil with llllilililir lii('orv Ill tiie lowest

Re.vnohls iilinil)er; howlwer, for tile larger vii|rio

of ]i>= the (hill! are ('onsiderlll)ly tiigher lhiin ltie

vlilues l)redi('ted 1)y ]ltlililllil' lti('()i'v lin({ !lp to

ilt)oul 0*_tll) ° are stitl not so lligli _ls lh_, vlllues

pre(li('ied I)v tlirt)ulelit !heorv. (Boiti Newtoniiili

tii'(,Sslirt, distril)ution !!lid experinlental pi,.])s frolil

A:() ° Wel'(' ii._(,(I for tile lheoreiical ('_Ith'u|lllioli.s lit

A 10 ° sin('e eXl)(,riinenliil pl'eSsul'eS Wel'(, llOf

availlll)h,.) |f lh(, I)oundltry lityer lit tliese hirger

vlihles of [l_ were of the ('OliVpnlionit] irlili_ilion
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TABI,IC I. I{ATI{) ()F ItEAT-TItANSIZlCI/,

C( ) I,]F FI C I ICN TS

[l:ri)m r('f. 10; .\rp_=l.0; lin(,ar viscosity rl,lali(m; zero

1

1.0

1. (i

30

(;.5

2.0

1.5

1,0

.5

.2

i 0

i
i 2.0
i 1.5

I 1.0

.5

2

0

2.0

1.5

1.0

.5

.2

0

2.0

1.5

1.0

.5

.2

0

1 ran_pir'iJ ion cooling]

0_
(O,;);j_ : for values of l_, of -

o ,., ;;
1.0274 1.0489 ! 1.0608

1. 0158 1. 0282 1. 0352 I
l

1. 0000

• 9753

. !)51-1

• 926S

1. 0373

1. 0217

1. 0000

• 966 I

• 9320

• 8!),18

1. 0514

1. 0302

1.0000

.9509

• 89!)3

.8381

1. 0684

1. 0104

1. 0000

• 9319

• S553

• 7509

l. 0000 1.0000

.9565 .!)448

.9153 .8885

• 8663 . 8231

1.0602 1. 0720

1. 034!) I. 0420

1. 0000 I. 0000

• 9445 .!)327

• 8872 .8612

• Nl!18 . 7706

1.0747 1.08t9

1.0438 1. 0498

1. 0000 1.0000

.!)288 .9180

• 850!1 .8261

• 7478 .6!136

1. 0891 1. 0972

1.0525 1. 0574

1.0000 [.0000

.!)118 .!!034

.8103 .7904

.6510 .5966

type, nn tort'ease Ill heal transfer (lenoting if'ansi-

lion to n (,Ot.l)h,t(,ly lttrlmh, nt l)omMnry htytw

might be eXl)erted at some lor. tion <]OWllStt'(,anl

of the stagnation line. Since this in('rt,ase <lid not

o(:cttr in tlt(, l)r(,sent tests, it may Ire inferred that

a <liIl'drent [low tm,('hatti.,ant is 1)rest,hi su('h as the
streaJnwist, w)rti<,al th)w ot)serv(,<t, for (,xamph,, in

reftq'tqt('(,s 15 an(l 16. A tlow of lifts natttr(, might

l)e ('xp('<,l('<l to cause hi,at-transfer t'al(,,'.+ itlter-

tnt,tlialt, bt,tw(,en th(' rates for a httnitmr antl

romph'tely lurlmlenl l)<)tmdarv htyt'r and alto

wouhl t)(, (,Xl)t,tq(,ll to ,,xl(m,1 forward 1o the

virinitv of the stagnatiotl line at sulliri(,nlly large

l{t,ynol(Is tmtnlters. (Set, t'(,l'. 15.) Trunsition

1o ('Oml)letely tttrlmh,tH Ih)w has al)l)arently not

o('tqtrred (,it least for 75°_0"_()) at ,x+.= I0 ° tttH[

6

h_
k_

5
<

4_

x I0 5

R¢o
/" _', 3.83 x 106

/\
/ \

R_
o 1.28 x 106 ]

[]2.03 IExperimenlal data
" ::).74

0 3.83

Laminar theory

Faired experimental data
Turbulent theory

\
\

_:z. \1.28

3(

2

I

0 20 40 60 80 I00 120 140 160 180

O_ deg

(a) A '0 °.

];'I(;URI,; _, Variation of Nsl.,-'s(,ll mtmber arotm(l

('ir(tumfi,ren('(, of cylind(+t • "it st at i(m 2.

R+ <3.8_ 1()++,not only l)(,t'ttus(, lit(, (,Xl)('rint(mhtl
values 'it'(, l)elow theort,tit'al ttu'buh,ttt valu(',+..+ }}tit

also l)e('ause no peal,: in }wal-tt'allsft,r l'ales wits

()l)st'rvcd ItS iS l)redi<'I<'_l l)y tht> theory ftw s_mtIl
values of A. A l)t'ak in the }t(,al-transft,r dis-

tribution is to l)e eXl)t'(q('t] itt st lurl)tthqll l)otm(lary

laver on (@i.<hws +it small yaw angles [)v ,alntloK, y

with the corrt,sl)on(lin g lheort, titml prt,(lit'liot_s for

an mtyawed <'ylind(,r or a 1)(My of rt,vcdtttion as

shown, for eXaml)h,, in referenct, 12.

At A--2<) ° dig. St<")), the (,xptwimenlal data urc
welt above t]te tt.+or(qiral latttimtr vahtcs an<l

1)(qow the tht,oreti('al l tH'l)uh, ttl vahtt,s t'xc('l)l for

0*>60 °. th,re agai. it tnuv hi, Sl)(,ctthttt'(l that tt
tlow ntt,<qtanistn tlilrt,rt'nt I'ront tit(. ('onv(,l+tiomtl

transiliomtl type may exist sin('(, no in('r(mst, itt

hi,at tratlsf(,r o(_cttrrt'(l with incrt,asing 0* aroutM

the cylindt, r. Tht' fa('t thal the (Itttst for l)<-,th
A I() ° an(l 20 ° tit'(" high(,r than th(,ort,iiral

turl)uh, nt values for lat'g'e valtt(,s of O* is I)rol)al)ly

.n in(li<mtiotl of re'rots in the theory rather than
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o 1.39 xlO 6 }
o235

0,377

Experimental dote

Faired experimenlol data

Pressure distribution used

Modified Newtonian theory °)] I( PExperimental with _ from/_. =0

Pl A : 0°'_
Experimental (with--_- s from /

i2 x 103

Turbulent

theory

Laminar
theory

0 20 40 60 80 I00 120 ]40 160 180

8*,deg

1,t)1 A 10 "_.

l"](; t't{ F; S. .('_ollI hllli'd.

lho 1)ossit)le developnu,nt of a t,uH,ulent, l)oumhn'v

l. vev on the ('ylimlm'. That is, the errors ('outed

by ihe simplifying _lsSUml)tion_ , such asl[zero

secondary flow, isolhernml s'qdl, :rod tlat-phtte

skin t'ri<,tion lll'l" expected lo increase with inert,as-

in_ ,lisl_lm'e from the stngn,llion line. (See

aplJendix A.)

In contrast to tilt, resttlls at A I11° and 20° ,
the data at A 40 ° (fig. S(d)) nre in t'_irly good

,'lgrt,oment or are gem,mils somewtml higher ltmn
the tlu,orelil'nl turlmh,nl, dislribulions over tilt'

enlire forward region of nthlched flow. At A 60 °

h_
k¢o

11g.Li03

"_12 x 106 R m10 o 1.3Ix106 ]

O3.12 Laminar "1

9

' Turbulent )Theory

Faired experimental data

6

4

I

(c)

20 40 60 80 I00 120 t40 160 180

8 "_, deg

(c) A 20 °.

FItH:ItF; £. -Continued.

di_. ,";((,)) lhe theory undereslinmlos lhe }H,al-
Irnllsl'or coeflivient for large values of 0* bv as

nm¢'h as 50 l)er('enl \Vll(']'{'ll;4 Ill ?k 4/)° the _qm't'-

lnunt hotwe(m (htla and tlmorv is g'oc,(I excet)l al
ll_ -1 4q"._ I(V and ') ""-'_...... _.)z,.l()" with the se('l)nd

Inodel. ()n lhe basis of lhis clHnl)arisoh, lhc

I>oundat'y layer is probably ('Oml)h, ll,ly lurhuh,tit_

(it_l'luding lho tlow al the sh/gllali()ll lira') t'c,r yaw

atlglos of at)uul 41t° ()r g'rl'alor, Th(, lar_t,r ilis-

('rel)ancy 1,(,tween llieory allll data from 11.' sl'cund
i_.)ll(,l ,1 i ::-40 ° is t>(,lievl,d to t)e I'ausl,d t)v differ-

etwt'.'.; in heat-reeler i'onstru('lil)tl as (lisl'u:-;s(,,I in

flit, sl,cliOll ethtilh,d "Aplmraltls." 'l'hodala from
tlw second model ;ll'l, helit, ved h) I)l, man, nl,_trlv

('OIT0('I.

Downstream from tilt' Sl'lmnttion line, whit4t

from figure :_ is in ill(, vicinity of O* 1:11)°, lhe
heat-transfer coetlicienls for nil v.lues of A are

al)l)roxitnalely ('ormlant. Till, values of the ht'at-

lran,al'l,r ('oefti(,imlts in this Sel)arnted-ttow r(-,zion

are from al)oul 11) io 15 t)er('(,nt of lhe sl_lgmttion-

line value excepl at A:() ° and 10 ° with ll=

2 ),( 1(P.

Fxt)erilm'tHal 'lnd lheor('til_M values of the ratio
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R_
I 28xl06"I
2".02 f Fprst model

1,49 "[, Second model
2.75 J

Laminar 1
Theory

----- Turbulent 3"

-- Faired experimental data

0 20 40 60 80 100 120 140 160 180

8_,deg

(d) A-=40 °.

t:I(;trl{I.; 8. Cont, inu('d.

:ixo3
o i .40xl06"1

8 / D 2.20 }.Experimental dote

L O 3.40 J

7_ Fi' -- -- Laminar 1 Theor
I "% m 6 .... Turbulent J" Y

Faired experimental data
hD

1.40' _ _
I(e) 1.40 t -- "_ _"-_

0 20 40 60 80 100 120 140 160 18C

8 "_,deg

0' ) ?,:=60°.

FIGURE S.--Conehlded.

of local recovery teml)eralttre to slngnalion tem-

perature 5/'jTo are shown in figure 9. The experi-

mental data were obtained from plots similar to

figure 2 nnd lhe theoretical values were enleulnted

from equ'tlion (5) after replacing T,/To with

T,/To. Experimental wdues of pip, were used to
ewduate T,,/To except, for A=10 ° where lhe pres-
sure ratio distribution for A=0 ° w'is usetl. ()ver

the front }mlf of the eylin(ler bite recovery-

temperature data are always below those for lhe

l urlmlent lheory (figs. 9(a) 1o 9(e)), and ,ib

A 0 °, 10 °, 'rod 40 °, the data are also somewlmt

below tile lmninnr lheory but at A=20 ° lhe (laht

lend t.o al)l)roaclt the htrbulent, theory for 0")410 °.

At. A=60 ° (fig. 9(0)), lhe data are between the
mu'ves for tit(; lalninar and turbulent lheor S. In

general, then, no th, finite indications as to which

type ot' flow is present can be obtained from the
re('overy-lemperature (lala; however, the small

1.00

.9E

.._re92

88

84

I00

96

_F92

88

.84

1.00,

96

.92

88

84
0

_, r--- Laminar _I_ ---j_
/neory _ Turbulent to)

o 1.39x I06
[] 377

.[ .... Laminar
Theory

----- Turbulent
i I (b)j

a 312

; .... Laminar
Theory \

-- - -- Turbulent (c)l

20 40 oo oo ,oo t2o t4o 16o 18o
0 _, deg

(a) a 0 °.

(b) A = 10 °.

(c) A_ 20 °.

FIGI'RI,; ,0. -Variati(m of r[,covery t(mq)(,raturc ltrOtllld

eir(',mff('r,'nce of eylin(h.r at station 2.
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o 149x106"L_ ,
I 00-- " 2'75 .__econa model
• o 128

L O 2".02 } Fwst model

'96_:_--_-"- - _ Th r r .... Laminar
...._. eo y 1----- Turbulent

re .92 t - _
r° .88

.84
+80

(a)
76 t [ 1 L 1 : L ! i

o 140xlO 6
[] 5.40

Theory J".... Laminar[ ---- Turbulent

1,00

(e)
[ ] J I

40 60 80 I(30 120

8_, deg

((t) A =:40 ° .

(,9 A = 60%

]"l(;t_{_: 9. (lun(,lud{,d.

.96

.92,

r_,
r_ .s0

.84

.80
0 20

d iit't, rt, m'(,s

140 160 180

involvetl art, t)rol)al)lv wiihin the

t,xl)t,rimenial error.

At A--40 ° (tier. 9((I)) iht, v, hws of Tv'To for the

first modt,l .rt, SlH_llh, r for 0"_.:30 ° than the valut,._

front th(, st.('on(I ..)tlt,l. This _list'rt,lmn<'y is

ag_dn 1)r_,sutmll)ly ('_lust,(I by tlilrcrt,n('t,_ in he.i-
1111'1(W ('OIISI rll('I toll.

Effect of chordwise temperature gradient. 'rh(_

difl'crcn('(,_ in thl, htmI Iransft,r and ]'t4'overy

I('llll)(WttlHl't' tli_tril)ulion_ l)tqvc(,t,n t}l(' first Hilt[

_eeoIt(I nlt)th,is ;it A 40 ° _).s sht)Wll ill ti_Ul'eS

_((I) ttll(I 1,){(]) lllltV httV(' [)('I'll ('_lll:":,t'tl l)nrllv bv the

(lift(went ('hortlwise w_tll-l(,ml)erutur(, (lislril)utions
I'(w th(, two mr)tit,Is. (('hortlwi_t, is hi,r(, l|st4l ill

lilt' SPIISl' Of <h,si'ril)il|ff th(' t'il'l'llll|rPl'{,lllill| (lis-

tril)tttion in a l)hllm nornt_l] to tltu tLvlintler axis.)

'rlt{,s_, wall l(qlll)(q'_tlttr(, (listrit)ution_ art, (tilT(,rt,nt

ht'raust, of tim (liff(q'(.n! ('oolanis us(.tl, w_ttt4' in

th(, fir_t modt,l un(I Varsol hi tlw ,(,('and hie(h,1.

An attempt was nm(l(, to evaluate ibis ('fl'e(_t of

watt t(,mpernlur(, grntli(,nts from an _lthliliomt] set,

of tesls with the s(,con(l mo(hq using wntt,r Its a

<'oohint inst(,+i<l of V+irsol.

In tigtu'e 10 the ratio Tv/To is 1)lott(+(I against

O* rot tyl)i(ml runs with tlw sc('on(I nto(h,l for which
watt,r anti Vat'sol w(,r(, ust,(I t,+ ('t)ohlnts. Sin('t,

watt,r is a ntorc t4ti(%nl coohtnt, tim tlqll})twltttlr< _

tlistril)ution for the w_ttt,r-('ooh,tl mo(h,l i_ more

nt,ttrly isoth(4'nt_d than that for tit(, Vat'sol cooled

nm.lel, nt.l hen<_e th(, tqlor(lwise ten|l)t,rature
grudit,nts are slnalh4" for the wah4'-('<toh4l nto(h,l.

Also shown in the Ul)l)(4' part or figure l0 nre

tht, ratios <)f e(tuilit)rium to stagmllion tt, tnl)(,ra-

ttH't,s thai were ot)taitwd 1)y using tim two ('oohtnts.

A (lu+tlit,tivc analysis of the eff('(q of tq)slr(mnt

l(4nl)(4'atur(, (lislrit)utions stwh +is i]}os(, of tigurc
l0 <m lo(ml ('(luilil)rittm tcn_l)(4'aturt, (w_tll i(,nt-

1)t'ruittr(, r<.quirt,tl for z(,ro h(4il tr.t_st'<,r) in(li('+ih.s

that, +is the l(4nl)ertitur(_ distribution l)(.(_ont(,s

I|lOI'(+ ttt411'l.v isolherntal, tit(, lo<'ul (,quilit)rittnl
lt4ul)Ol'_titlr(' worth] (](4"r(4ts(,. This rosttl| is ill

;tgr(4,1nt,nt with the l)r('s[4tt thtltt miner, Iht_ Vvtli('r-

('ooh4l t.oth,l w.s always IliOI'P ll("_lr]. 3" JSO|II(WIIIII1
that! the Varsol (_ooh,(I tno(h,l.

It ('_tn n[_o t)e shown l]mt lhe 1o(_.l ]i(4tI rate

wouhl bt, snt;tlh,r whrn Ilw ttl)_fr(,atn t(,ml)t,ratttre

(listrihulion is ntor(, m,arlv isoth(,rznal if iht, lo('a]

ttqll])(q'tt|tlI'( _' I)Oit,nlial (tlit]'(4't4t('(, l)t, lw(4ut rtwov-

(43 and wall l(,ntl)e]'aturc) is Iwhl t_otL_ta]tt.

The efl'c('t of watt It,]nlwraturt, gra(li(,nts on the
Nttsst.lt nunfl)t4" or ht,at-transl'cr (_o(,lli(+i(,ttt is

(h.lt.rmint,d l)y the ]'¢,httiv(. ('hang(,s in ])()lit the

heal rntes n]t(I t(,ml)t,r+ttttrt, 1)ot,,nlial. Nuss,,lt,
ltlllttl)(+t ' tlistl'il)tllions rl'<)lll t]lt + It'sls oil IIH' stq'Oll(l

1.00, Coolant

o -- Water

.96 [] .... Vorsol

.92 --- To

.88

7-.84

.80 ". *_To

+76 "" Q. _"_--o-_ -o

.72 -o ............. 43

__ _ J t .,' _ _ J • j
680 20 40 60 80 I00 120 140 160 180

e*, deg

I+'_(;vm.: 10. -Effect of coolant on t(,mp(,rattnr(, (tistz'il)ti-

tiim_ for A--40 ° and R_2.75_<I0+L (I).tla from

slq, l ioH 1 [m thi' second mo(h'l.)
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model with water and Vat'sol used as coolants are

shown ill figure 11. Comparison of these data
in(lic_des that the heat-transfer coeftlcient <h,-

creases more with increasing 0* on the water-cooled

model.

The data of figure 10 were used to calculate the

effect of wall temperature gradients in a turbulent

boundary layer by the method of reference 17.

This method is based on an approximate solution

of the integral energy equ,_tion for the itwompres-

sible turlmlettt botmdary layer on a tiat plate with

_ stepwise temperature distribution at the surface

of the plate. The method is extended approxi-

tnat(qy t,o the case o[" a pressure gradient t)y using

the difference T+-- T_ rather than "i'_,asthe depend-
ent variable. The resttlts of the cMculation for

the temperattm, distributions of ligure 10 indi-
cate<l that at 0"=9(t ° the heat-transfer coefficient

on the Val,'sol cooled model would 1)e about 1l

percent larger than the value (m the water-cooled

model. This value compares with a v_due of 20

percent from the data of figtlre l i.
This discussion in(licate_ that, the differences

in the data as shown in figure 11 may be pl_rtly

caused by the different wall t eml)erature gradients.

However, the effects are within the expcrimetital

acct]racy so that no dethfite conclusion is possible

except that the larger differences between the data
front the liter and second models are not caused

entirely 1)y wall t,eml)en_ture gradients. It shouht

be noted that, althottgh local heat-transfer coefFi-

cients at_ large values of O* may be inlluenced by

temperature-gradient+ effects, the average or total
],,'tit, transfer t,o the cylinder wouhl be changed at

12 -xlO 3

Coolant

"_'_ 0 Water

x\_ [] Varsol

hD 6 "x x
k"m

0 20 40 60 80 I00 120 140 160 180
e_, deg

FICl:RE ll.-- Effect of cl_olant on Nusselt nt]mber dislri-

butiotl at star ion 1 t)n second model. A-- 40 °;

R: =2.75X 10%

niosi by only a few percent silit'e most of the total
homo is t.ril=nsferred '_t small values of 0".

Average heat transfer over front half of eylin-

der,-Thc average Nusselt nunlt)er over the

forward portion of the cylinder front 0"=0 ° to 90°

was o])t.Mned l)y int, egraLion of plots silniJar to

figure 8. The rl,stilt.s Jil!,ve been lilotied against

]i_=, iit tigure. 12. Also ploli.ed in tile figure for

COliipll3'iSOii ili'e data t'rolil t'ofereii('e 7 where lhe

iiVOl'ilge heat transfer to lhe front half of a },_;-inch-

diainet.er copper cylinder was tneasured directly.

At cOlnl)arill)le yitw angles l]lo two soLs of dMll= aro

SOeli to l>e in good li_greellielil. Sinco the snial]

copper nlodel o1" rol'erence 7 presttinllJ)ly had

essentildly iui isothernlal wall t.tqiil)i, rliAlire distri-

1)ution, this good agl'eeincnt indicates that the wall

{eniperaiuro vll3'iatiOliS encottittered in tile presenl

tesls had vory little effect Oll the ilVt,l'lLgi! heal-
lrliJisJer coeiticienls. The i'eli, SOli for this sinall

ell'cot cilAi t>e seen frolll tigtti'o 11 whicli shows tiiat

different wall fbonlperll£ui'e gi'adienls such as lhose

or figttre 10 couh| ilot. tiaw, illiy significant o[t'ecl.

Oil t lio average ]leai-t rallsfer coeflicienb over

t,he. front half o1' the cylinder. It therefore secnis
l'Olt_sonlt})]o that the average heat-trtl.nsfe[' coelli-

cienis for till isothernml ntodel wouhl 1)e at)out the

StLl]l(" tLSthe present l'eSltlls within tile experintentlt|
error.

Also Sliown in llglli'O 12 iiro the ltverllge heai-

t.ritllsfer coefficients I'rolll tilt=' tllrl)tlh!nt and ]Itllli-

nar theories of the presonl report ils discussed in

tippendixes A and B. -{t A=0 ° lho dahi lirc iii

good agreeinelil with |Itininiir theory l)llt, at, A l0 °

and 2(I ° (fig. 12(a)) ttie dahl increltse with in-
creasing Rcynohls nutnl)or lind lond io lipl)roiLch

llic iurlnlh,nt lheory. Hole that. iltese liv(,rligt,

data lil'O generally in better li]r('ollieltl wilh tile

corrosponding theoreticlil resulls than the shi 7-
ntttion-lino data of [igure 4. Ttte relison for this

bel.ter ligroolilOnt is lippliront I'rOlll tile dislrilnl-

lions showii in figures 8{t>) and 8(c). At A--40 °

(fig, 12(b)) the dlttil liro iit good Ii_t'oolilelil with

turl)uhmt, itieory. At A--60 ° lhe <llila tlro about

15 1)ercent. ]ligher tliltn lho present, lhooreliclll

valtleS |)ul lu'o in good agreenleni witli the lheol'el-

icltl x-allies of l'Of('rent'e 7. This hitler llteory is

1)ased on tin average [tal-phtto correhttion forillltllt

using it l'Ol'el'ellee lelli])erllllll'e and the cross-tlow

velocily for it vliwed cvlinder. The vllhle of till

einpirical constant wiis obhtinod front the dlitli of

referciice 7. The llgreeniolil belwoeii the, proseiit
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data and the data of r(,feren('e 7 indicates itmt

this same constant also applies to the present

data. The present theory I'or a tm'tmh, nt l)ound-

ary lavm" (al)t)endix A) is _q)parcntly in ('onsi(h,r-

al)h. error nt large values of 0* when A is also large,

])ossi]dv t)c('ause o1' (h(, simplifying assumption o1'

zero _,('on(t.ry ftow which, for l.z'ge v.lu(,: of 0".

w(.,hl tend to in('r('ase wilh in(Tensing A. This

error is also al)l).r(,n( in figure St(,) which shows

ilmt the I)res(.nt theory utul(.restimales the lo,'al

h(,,t transl'(,r l)y 50 l)er('(mt at 0* 90 ° anti A--60 °.

CONCLUDING REMARKS

l:)('al heat transfer, (,quilil,rium ten_l)(,z'atur(,s,

.ml wall static pr(.ssur(.s have been m(,asur(,d on

n ('ir('uhu' (,ylitM(.r at yaw angles of 0 °, 10% 20 ° ,
40 °. and (10°. Tim tests were made at .i stream

._h.'h numh(,r of 4.15 and stream ]{(,yno](Is num-
b(,r range of 1 )-( 10" to 4 >_ l(P I).sed on cvlindm"
diamet(.r.

The pressure (tislributions u I) 1o the separation

line o1' the (,hordwise flow were (,ss(,ntially i.(Ic-

])(,n(h,nt of normal .Xla('h mmll)er and yaw angle
A.

A1 the stag(ration lira' of th(, ('ylin(h,r the }mat-
transt'(,r ('o(,tti('i(,nts in('r(.ns(,d From 1110 to t_0

t)cr('enl, (h,p(.nding on th(, ll(,ynohls numb(,r, ns
the yaw angle was in(,r(,as(,d from 0 ° to 40 ° . ln-

('r(,nsi._the yaw ang](,from 4(1° to 60° resulted

in a 40-l)e,'c('nt (h,rreas(, in ]wat-transl'(,r ('oeiti-

('i(,nls. A1 z(.l'O yli%V the dalai are in agre(,m(,tlt

with theory ('or l.minar t)ouml.ry lnvers and at,

40 °an(I G0 ° yaw th(, (lata net(,[, with a th(,ory For

turbuh,nt t)oumhlrv layers. At yaw nngh.s of 10 °

a]l(] 20 ° the data were gm.,r.lly som(.v,,}mre Im-
tw('('n tim theoreli(ml lami,mr and (urtmh.nt values.

The ('hor(Iwisc distribution o1' I.,at-lransf(.r (,o-

efli('i(,nts uI) to the separatiotl line was n good

agr(,(,m(.nt wilh lamimu" th(,orv .1 zm'o yaw angle.

At yaw angles o1' 10 ° and 20 ° the ehordwis(, dis-

tritn,tions were gem,rally ahove lamimtr theory

and I)elow turl)uh,nt th(,ory. At any given 5'aw
angle the heat transl'(,r at lh(, stagnation [in(' was

tt,(, l)eak value .n(I the (qmr(twis(, dist,'itmtion al-

ways (le('l'(,nse(I ntonotoni(_allv from this peak
value. Tim values of the heat-tranM'er ro(,lliri(,nts

as wdl ns the ehordwise (list, ributiozls a( yaw angles

()F ]0 ° _1]1(1 20 ° in(lirat,e(l that a 1)oundary-htyer
flow m(,ch'misJn different ft'o._ 11., rotr,'(,ntionml

transiliomd or turbulent (low Ilia 3" have 1)('('11
])resenl. AL yaw 'mg]es of 40 ° and 60 ° the chord-

wise dist,'ibutions were in good :lgr(,(,m(,nt with

turl)ulen( lhcory (,xcepl For large valu(,s of 0*

(.nguhtr distatwe from the stagnation line) at

A- 60 °. On the downstream sid(,of th('cylinder

in the Sel)ar'lte(l-flow region where the theories do

not apply, the heal-transl'er (,oetti('ients were _q)-
proximately constant at about 10 to 15 p(,r('ent of

the sl.gmdion-line value.
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The average heat-t,'ansf(,r co(,flici(,nts over the

front half of the (wlin(h,r are ill agreement, wilh

l)revious data for a ('omparable Reynolds number

l'_l.nge.

The i]wor(,li(,al heat-transfer distrit)utions for

l)oth laminar and turbulent boundary layers are

caleulal(,d dire(qly from si]nple (lUU(h'ature for-

mulas (leriv(,(I in the at)l)(,n(li×(,s. Simt)h, formulas

l'o1" ('ah'ulaling the stagnation-line heal transfer

with bolh lan|inar aml turbul(,nl boundary hty(,rs

arc also presente(l. The theoreti(_al varialion of

slagnation-lin(, h(,at-lransf(,r ('oelli('ient wilh yaw

angle A is apl)roximat(,ly (cos A) ]'L for laminar

boundary layers l)u! 1'o1"turbulent boundary lay(,rs
the ]mat-transfer ('oetti(',ient increases at first,

reaches a nmximun| at A_3() °, and lhen (le('reases

about 40 per('enl from A--40 ° Io 60 °.

LANGLEY RI'],_EARCft CENTER_

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,

LANGLEY AIR FORCE BASE, VA., December 2, 1DSN.



APPENDIX A

TURBULENT BOUNDARY-LAYER THEORY ON YAWED INFINITE CYLINDERS

The slarling point of the present analysis is Ihe
inlegral equations of momentum and energy in

the compressible boundary layer on a yawed in-

tinile %:linder. These equations may 1)e obtaim,d

directly front appendix B of reference 1() by l'e-

placing the expressions for laminar shear and heal

transfer with genentl exprcssioils which include
lhe effects o[' turbuh,nt shear and heat tnmsl'er.

In [crms of a modified Stewarlson coordinate

systent and for zero nornml velocity at the wall,

(}lese eqllatiolls 1)(,COlll(,

,lOnt- 1 ,[l', - 7' " 1)0. 7E,-o+.+(<1),4::,,,,-
7,,-

p,/.¢ (A1}

dK E dl:l 7r
 tX+t ', ;LV= Z?3", (A2)

,/X _ e) .t , ;/X _,,/1 ;/X:=p t',c.(_Yo--T,,)
(A3)

The [ransfornted coordim_tes nml velocities m'e

l'elaled to the corresponding 1)hysical quantities

by the folhming equations:

18

(A4)

The shear and heat h'ansl'er in the lrnnsl'ormed

system arc related lo the corresponding physical

(lUantit ies I)y the following definitions :

_ _ (:,5)

where the subseript r denotes quanlilies cvalmm,d

at some reference point, within the boundary

layer. Essent,iaHy, the same lransformation as

equations (A4) has been used in reference 18 where
good correlation with experintenlnl skin-l'rict.ion

data <m insulated phtles was obtained t,y taking

the reference point in the local free s[;realll. 111
reference 19 the Iransformalion was used to cal-

culate heat (l'ItllS['(,l"ill [m'buhmt boundnry layers

on blunt, bodies, and ])0[tel" agreemenl_ with ex-

perimental data was generally obtained by evalu,'_t-
ing the reference quantities so l hal, the flat,-l)htle
skin-friction rehttion of reference 2(1 was satislied

when the method was applied to (his case.

In order to gel, a practicnl solution to this

system of equations, sew,ral simplifying assump-
tions are made. The basic ideas of the "line-<if-

flow principle" 'as discussed in reference 21 are

adopled in contradiction io the "independence

ln'incil)le" of reference 22. The data of reference

23, as well as lho discussion of reference 21, indical e

l}m[ Ihc independence principh, does not al)ply Io

llle growt]l of it lurl>ulent Imumlal'y layer on a

yawed thtl, plate. In accordance with the line-of-

thin" principle, it is assumed tha t II_(, loe,d resuh anl,
,<hmtr is a function of the resulhm[ vehwit,y al, lhe

edge of the boundary layer and that, [his shear is

related [o 1,he heal, lransl'er by a Reynohls analogy.

The effects of a chordwise pressure gradient ,u'e

accounled for aI)proximalely by expressing the

shear in terms or local bom,lary-htyer ihickness.
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Th(, (,ff(wts of ('onll)r(,ssil)ility nl'e nrrount0d for by

exl)ressing the sMrl-fri('tion law irt ill(, Irnnsfornu,d

system. The (,qunlioll for Ill(, iransfol'nwd skin
fri('tion is the, assumed to I)(, of the Bhlsius type
attd is written as

/
-- /-- 2 ' -- 2 2 /' k'j I,'n

where 6 is the veh)('i(y boundary-hisor lhM+cm,ss

,lid (&=(I'/"_I't 2 is the ]oett] trttllsforll)e(I I'e-
sulialit veh)('ity at tit(' (+(1_(' <)f the I)outldary layer.

'I'ho ('()Iburll tilo(lifi('alion (ref'. 24) or the R,,5'nohls

+lrialogy, also (,xl)resst,<] in t ho trans[ornl(+(l sysl(+ln,

is

77,,. _ 1 7_
e.p.(&( 7;,.,--T.)--+V./'':_ -o,,(&".... (AT"I

In g(,neral, It seeon(hlry flow wotthl exist aim its

liinitiiig (lirevtion o<,,,tit tilt, wall with resl)e('t Io

the cylimh,r +lxis is det ernlined hy the +'all<) of
ellordwist, to slmnwise slietn's ns given bv

7x
tmic_. - (AN)

Ty

The vehwity Ira)files ure n()w asslnned 1(_ I)(,

[_ (Z'li : }
1"1 \,8 /

.qo that, I'r(int the (leJhiition <+1'IC iin(t the iissun)l)-

lion iiittl +x <St,
Iq 49
8 =37(i (AIO

Then, t'roln equttlions (All) (),.X), till<l (/_11)),

e(tuttiion (A2)liltiy It0 written Its

,] :_7. (,.:_q'." q,_ ,,<,s_,,,
dX(l',+)=]{) a\ q, / 1"_ id', '" (All)

wlli(.h, for the re(luired I)oundtu'y (.oil(lit(on of

tiniie 6 tit. A'=0, ilileffrilt.es lo

'+" .i;)" f+ (v,/r, %',"0,:
-- 11

(_ " = I+,, 0 ,QII, ] i. 1" ('OS OLWd.V

_" I t#

(M2)

Fl'oin equations (A5), ()t6), lind ()1_7)lhi, g(,nernl

(,xpression for the heat-transfer ('oelfi('i(mt. is

" ("'_"+.,,oo(<_,..o. 'T,<,,.,k-
T....,-- T,<, A'../:' GT,i/ .+o+ 7,,

(A 13)

HEAT TRANSFER AT THE STAGNATION LINE

()n It ('5lirl(h,r with It t)lun( h,liiling e(Ig(, I:_ >0,

Ql_]'i, and o_w >0 Its .V >It; hi, lie(,, [roln e(llililion

(A 11), the (,xi)ressioli for 6< is

H -- 1

If ,, :_7') (p,,)l.,++/_1 #I X

++ " =4_.) a I, d+', ]
\ SiX/,- ,)

(A 14)

:l.l lh(, stagiililion line, (,qutliion (AI3) 1)(,('onles

##

) _+--1 • ' " "

1a v,, ,_" f ,/#:p_
]G=:\:,,r":_ o_;- C:'p"t' 'j " .%: _'' I -I• _ lO \].._1.)p07£

(A15)

lly sul)stiiutin_ equlit.ion (AI4) I'or _$<wilh

(l "t)v_.< ==.ll//' T'," T.,. Un+ _ sill A

((][r,'_ :( #+DU" ) Tit l, ( d l/l-, _,d+¥/+,: .... , prior /<-7[+ d.r l+

(t'r(iln e(llitliions (A4)) e(luliti()li (lAID) (lilt) t)('

writl(,n, il[llq' sol(i(, r(utrruliginff, its

/,d + ,_:,(.._+/_'+,, ,l.:.)'+"

] f/HI" ) l+;I
Sill It) ('OS A +1.. d.x' _ (Alli

;J 1

,,+_ ( 493711

In t(,rnis of it stri,lun .\uss(,I( tin(| R(,ynohts

lilllill)(,r, (,(llltiliOll (AI(1)t)e('Olli(,s

11 /t

;"; v,,,,':+'"+;)'+"(,,'" "' T+),+,,z.+ :+:" ' ' \W2 , ],+:.,, 7;.,
;l -- 1 1

,,_(4!) #,, <'os A I `1"_ _ is,,
(sin A ) \ '37(i _ _} _l "I/If l _

(A17)

[or C()liSiilnl vnlu(,s o1' % tl)l(I .Vv,. The ro[(,r(,)l('(,

qulult.ilies #xr nn<l T: woro evaluiite(I tit lhe wull

lelnt)eral.ure [or ('olnl)tiri.qon wit It t.he exl)(,rinieilttl]

([aiit of the I)r(,s(,lit rel)ori.
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CHORI)V¢ISE 1)ISTRIIIUTION OF HEAT TRANSFER

Ac('ording to equations (A13) nnd (A14) the
chm'dwise distribution of [.,at-trnnsfm' eo_,fliciettt

would lm

I_-- 1

]'-(+4""( _:' )-° r,],.,._?'r. (A_s)],..-'G: _.V,7-., q_7_/;, ..,sT.

If the flow al the (,tlg(, or the l)out.htry htyer is

ist,ntrolfit +, 1ohett the vehttion lmt xvetq;i telnpeF+tturt,

and l)resstn'c is
",--I

v +7'.-- p,+/

The +uliMmtie energy eqtmtion requir<,s thnt

,+.+ !-,,.'-' '2 ( T,'_,,.. =4;£_ .t-?:]•

so that l'rom, the delinitiot,s of the tr_msfortned
velocities

_l,, l .

| [(_I1('0

+:, 9!

ttnd t,qtmtiorl (.:X_IN)m+ty be written +is

_, l ++_ l

+_,:1+,++= g_,-1 (_ ". I P+

(AI!!t

l:rmn equ.,tlions (AI2) (AI4'). and (A4), lhe rali<_
<ff bout.hn'y-ln.ver thicknesst,s is

V / ?i,:i ,],,,_
+], ,, i _ +,,_, 7+_ ,:, :+ ', u,?:+

1

II 1 3_. l ]I _;z

JI",+ i/ ",,p,, ;,oS o+,
(A201

I "l ' 2 p+') ,
+i:=_ 1 ],,,

v, / +.
The only qtmntity _is yet UnSl><,('ili(,<l in <.quali<m

(A20) is a+, the tingle of tit{, "w,dl streamline"

with respt,<'t to the <,ylin<h,r _txis. This nngle
vouhl I)e determined from the simullunt,ous solu-

tim+ of equations (A1), (A2), _Htd (A3) by using
bite shear and heat-lr+tnsfer +tssumI)tion: of eqtm-

li+)ns (A6) +tn<t (A7). Such ;t solution is dittimdt

to justify in view of the hwk of ktmwh,dge <'otwm'n-

ing tin'huh,hi l)oundar 3- ht3'ers on y+t+.ved b<nlies.

Rather, 1}I<, siml)lifyin g assumption <ff zero se<'-

(mdary lh)w is inlrodttee<l nt this point. Thnt is

whi('h is exactly corrt,ct or, the stttgnali(m line

+_t_(l is eXl)(,eted to hi, n good Ul)l)r<)ximntion in

the vicinityof the stavImtion Jim,. Tlw se('mM-
_wy flow nfl'(,els lit(, h(ml tranM'(,r only Ihrou_rh

t h<, I'_.'l<w ('_)s a_,,,which, for ,_ 4, (,rlll,l'S <'(|lltll [l)ll
('()S Oil

(Alg) to the 1/5 1)owm'. Tiffs smnll 1)ov+(,r imli-

v_tt,s tlmt l h<, nssUntl)lion <)f zero se('omhtry lh)w

Jltlt 3" not ]lttVl' lltu('h o11'o('I Oil the bent-transfer

etth'tdMioti exvepl al htrgt, values of .\" m' lletlt'

tt Sel)m'atiot_ lira,. I:,'Muatlng the rerm'(me(, quan-

t ilh,s lit tht' wull ttlld ttSStllllill_ l]Itlt the wnll is
is(rlllerlntt] them givt,s the form c,f k h, s}mv, u ill

the lexl, ns t,qu+tlion (S) v,here is ohlained

I'rom t,qtmti<m (A20) with __'()s_.,,. 1 and u,'/':,,. :::l
( 'O ,+40' I ,U.:,s'l+r "

Fr(}m equations (A7), (AS) nn(I A21), th(,

:tsstmtt)tion of zero s(won(hwy th)w +'(,st,ll_ in tin,

followirtg arntlogy hetw<,en Jwal tr+ittsl'er nn<l

Slmtiwise slwnr

7-/,+ 1 T+.

<'_.p<, _."t ( 7',,,, -- 7'+. ) .Y*,/' :_ p,.|'l _
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OF

7r l'll 2 ;i,_l
d_Tl,r 13 _)(,(7"aW--7",,,

This relali(m may lw writl(,n in l(,rn_s of physical

shear, heat transfer, and v(,lo('iiies ,is

r r p,,_,_1 2 D/

1 ,, _,, Np/'_ k.
(A22)

wliicll is of th(, same form as the (,orr(,spon(ling

ilnli|ogy l)(,t,w(,cn }l(,li{ ll'iillS]'('r and Sl)anwise s]l(,ill"

for l]io (,xact |liliiililil" solulions of r(,f(,ronee 6. ]li

t.orlus of l h(, cliordwiso s]i(,lll'_ (,qlllitiori (A22)

I)(,('onws ih(, tllil-])lliio llcvnohls anlihigy

_-.v p<,ull__ 2 hl
1 ,, tuo -Vs>, 1''3 _'_

poll 1"

whi('h ill(li('lli(,s that for z(,ro s(,('on(lary [low l li(,

(,t]'(,('ls of (']iordwis(, ])l'(,SSill'O grli(lil,nl ('ill l{(,yilOldS

alllihig_ lir(, u('gh'('l('(I.



APPENDIX B

HEAT TRANSFER IN THE LAMINAR BOUNDARY LAYER ON YAWED INFINITE CYLINDERS

SIMPLIFIED SOLUTION AT THE STAGNATION LINE

Tit(, ]'(,suits of the exa('I solutions of r(,f(,r(m('(, 10

are used 1o ('alculale the heat mms['(4' in a lamirmr

I)oundary layer. The t)asir (,(tualion for th(, heal-

(rarlsl'(,r ('o(,lli('i(,nt at the stagmllion line of a

yawed inlinite ('ylinder is

/ _1,, "_ , /o,,, [ du,_ _-
;"-=' T,-- '",,,,- , .,,I,,, _ _ #,,,\ d.r!_

wh(,r(, for .\'_._: 0.7, h is g'iv(,n al)l)roximat.cly t)v

lh(, ('orrelal ing ('(trod ion

( p,#, "](""h=().5 (1/2t
_ pu.#w /

A gcm,vnl (,xl)r(,ssion for 11., stream Nuss(,ll nutn-

l)er is l lu,n

h.,.I/,.._().51_....'p_ #u_....,./ )i',/':''

,_ , " (I 4t

"_" #,. p ....

whirll, l'.r ('OllSJIllll Up IIll([ "\'l'r, })('('OIIIPS

/_. ().?i_ _ ('os A "t_ .,/a: /,/

#,,T "° .... (pls ''/'

in terms of the diamet(,r D.

The stagnation-litre velo('ity gradient ('ah'ulat(,(I

l','oJl_ the Jnodili4,d X(,wlonian pressure gradi(,nt is

Ps \ P,, Zl

which re'cording to refm'em'e 6 is in good agre(,-

nlent with experimental data for .llx._.)..l.5.

For a lwrfeet gas, Ibis expression t%," the velocity

gradient 1)e('omes

\,{I) ,lu,'_ 2 F 2 7,/ 1) "\"]12,I.,./(-Jt.(; 2L/T;(, 1- P, )J (B4)

Sut)slitution of e(lualiorl (B4) into O(lmdion

(B3) (h(,n results in llle e(tualion

(Bs)

whPI'C i[ hlIs hP(ql iisSHill(q| |]lll[i

l{(,(.ause ol' the small value of the exponent, (his

asSmnl)tion is Col'rect, to within 1 or 2 ])(,r('en( over

a wide, rang(, of temp(watures. Equalion (I>)5)

nl)l)li(,s only for -,\_,r=().7 and ,1/.,:._,,_'1.5.

Th(, ('fie('( of yaw angh, on the ]leat-tranM'(,r

('o(,IH('i(,n( is ol)tain(,(l from (,quation (t/5) as

\ P-o

(B6)

wtd('h for a l)('rfe('( gas and Sutherhm(l's vis('()si O"

teml)(,rature lt,|,W Illlty })C' (4()sely al)pr()ximated l)y

(COS A) l'I for large l'r(,e-slroam M'wh numl)(,rs.

E(luati())_ (B(i) shows that for given wdues of

A[_ and A the ralio h,/(h,,0A-,)in('reas(,s with

an in('rm_se in t('_nl)(.rature level be('nuse of the

im.r(,as_, in u_,,'#,,. This in('n,as(, ir,liral(,s (hat

(h(, effe('t of yaw as m(.asur(,(l iI_ _]l wiml tunnel

may lm som(,what <lill'(,r(,n( lhan (hat, t_.,a._tu'e(l

in flight. Thus for "_ [I,__ 4 . ( ) _ [ ) ( I "_ ( i( ) O ,

/_J(.]_j._ 0 is at)()u! 9 1)er('en( Inrg(,r a( 7'_=
390 ° 1{ than at 7'_--I(i() ° R. I( is of in((,r(,st (o

(-ompare equation (B(1) wi(h (h(, result of (he

approximate amtlysis (if r(,f(,r(,)w(. 4. 'Thus, il'_

linear viscosity-(eml)(q'ature re]athm is assu)u(,d

an([ the re_lri('tion of larg(, normal Ma('h numl)(,r

(a small yaw angh, 1)(,ing implied) is imposed so

thal p' _>_:.I, th(,n equation (.B(1) r(,(ltwes to
P

h,

'2"2
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which is exactly the same as equation (ll) of
reference 4.

CHORDWISE VARIATIONOF HEAT-TRANSFERCOEFFICIENT

A generM expression for the heai-lransfer rate
h'om reference 10 is

......... /'7_l pl 7'0 / 1 /dlYl [ Ti_/_0"_

Is 1o Po x _ I_ 2i'o

(BT)

where n is a simihu'ily vm'iable whicli can
writ ten as

.=L2£ t,;Lg,-xJ] ,_

be

The ratio of the local heat transfer to the value

tib tile stagnation line for isentropic flow at tile

edge of the boundary layer is then

35'-- l

qw k,: ,.

%,_ k_,,, I,_ 7<,--7 .... p.,/

where

<t[_1 l _l 11"l _0"

,_('"'g / (aO_-\dXJ.J ,_7],,..._

(BS)

It- II ,_
O---ll,-- It_,

_ I_+;,,,,=.,o _

f<: /_X= #" p "_' da:

ii2

(Bg)

If it is n.ssuniad that 0 is a function only of 17,tllen

the siniilar solutiolis of ral'erelica lti liili)" be used
w|iore 0 has bean calculated for vlu'ious values of

T,,,,!To, To/7'_, illid J with A_>,-.I. Tile i'lllio

T,,/T, is 11. ])lil'l/lileler lhllt, depends eli )'liw lingle

and _[lich nuinber and flis t.ha ve|ocily-gradient

paranietor dathlcd by ilia velociiy dislribulion for
it siniillir flow iiS

8

[ : _(,\'2-_ (BIO)

S()lving for D7gives

o dl _l
= dX

X dX

(Blt)

The sinlplasl wa..v to evaluate 17 is to calculate

[ "I and ._( fi'Olil i.}le required pressure-<lislrilnltion

dll,[ll I)V llll<'llllS O[' eqllatiOllS (gg) lIlld l}lail Sllb-

siitula ltiese vahles diractly inio eqillitioli (BI1).

(Tills ])rocedure is antllogolls to l]llll[ Of l'a]'. 25.)

"l'}le rabies of (:'l used in tile prasent caiall]tllions

l/l'e showii plolied llgtlillSi ,_(/I) in _glli'e 1.3 wilic]l

also inchldes for conlparison the vllhies clilculated
froni Newtonian l)ressui-e distritmiion. Tile heat-
lransfoi" coe[licianl dislribuiion l|lan follows fl'oni

equlilion (BS) ils

._r..' +(
1. / 'tx x/ l.
D<=k,,._,-7",i, ,,p.</ /_7,/i',] 1 77,7.

L'tTLv/,l '

wllera for ilia l)rasan[ calcuhitiou it is lissunlad
ilnit

fi o
e]_l 11no , sim'e for Np,----1.0, T.,,.----7'o, the followiug

equalion may 1)e written:

() r o:,]
_s Npt=l,O >,' : =

Tlia qunniily 0;, is tat)ulalad in r,,farence l(l as

a funclion of 7',,,,!7"0,7'_t7',,, and J for -\'s>,--1.

Vllhies of \ha rliiio Oi<,f(O'_,,)j i are given in tatde

I in lho 1)l'asent report.

An allernalive tlrocedura lllllilOgOllS lo ltu_

iiiethod of ref0renco 26 is one in whicli an

"aquivnh,nl" wadge flow is found for elich seglnent

of lhe given velocily distribution. The vilhie of
j is fouiid fl'Oiil lhe sililU|llllletilis sohilion of

equation (BI0) evillulllod at. the end poililS of

each Seglilent and lhe aqulllion (froni ref. ltl)

F V--1112

evahiated lit the first point of the segineul wliara

X is 11()%ti,COllSidi,l'ed its Ilia choMwise length
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/ 2' _/ ,/ _.._ ._Z I _ Pressure dislribuhon

/_ Modified Newton,entheory -

004008 .0'2 .0'6 .020 .024 028 032 056 040 .044 048 052 056
XID

r

060

t,'lq;I its: 13. The variation of transformed chordwise velocity with trnnsform(,d (q_or(lwi_, co()rdiuule acco]'dingto experi-

llll'llllt] lllll] New/oni:m t)resstn'e distri|)mion

from the h,a(ling edge of the e(luivalent wedge

llow. A sample ealctdation carried out by this

proeetlure resulted in a heat-transfer eoeflMent

about 7 percent less at, 0*----50 ° aud A=0 ° than

lhe value olHahied I)v using Lhe first procedure°

Tile illel}lO(I (if l'efel'ell(-e 2il illS() resulted in

larger vahles or fl, naniely, fl 2.00 at 0"--7)1.5 °

compared with fl--l.3S obtained I)3" using the
method of re[erenee 25. Since /7=2 is the

maximum value (rrom eq. (Bll)) in the' similar

sob)lions, the iiletht)(I Of rel'erent'e 7G (',)uhl not

he used ror 0">51.5 ° ill this particular exlinlt)le.
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